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ABSTRACT
Two primary methods, GM- and NaI-detection, of airborne
4Ar monitoring were compared experimentally to determine the
lowest resolvable concentration given reasonable sample sizes.
NaI-detectors provided a lower resolvable concentration than
GM tubes, primarily due to energy resolution, which greatly
reduced background noise.
Airborne 3H collection was compared for two primary
collection (water bath and dessicant traps) and one ancillary
method (direct condensation). All 3H detection was performed
via liquid scintillation. Tritium collection with water baths
yielded higher collection efficiencies than dessicant traps
for short (5 24 hrs) sampling durations. As the length of the
sampling duration increased, water traps yielded lower
collection efficiencies than dessicant traps, primarily due to
evaporation of water (including 3H) from the water traps.
Direct condensation (with dry ice as a coolant) as a
collection method of airborne 3H was found unsuitable, since
large amounts of gas were initially condensed, yet evaporated
as the sample's coolant was removed.
'
1Ar detection for the MIT-PFC was determined to be best
provided by a low 40K NaI crystal shielded with lead and steel.
A Marinelli beaker was used as a monitoring volume to hold the
effluent sample. 3H monitoring at the MIT-PFC was fulfilled
with dessicant traps to catalytically separate the [HTO] and
[HT] fractions without the use of a carrier gas for the [HT].
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CHAPTER 1
INTRODUCTION
1.1 Overall Objective and Scope
The primary purpose of this document is to examine the
best available methods for monitoring two specific airborne
isotopic effluents. Utilization of this information in the
design of fixed effluent monitoring systems for the M.I.T.
Plasma Fusion Center's Alcator C-Mod experiment is a strict
intention. The isotopes in question are argon-41 ( 41Ar) and
tritium (3H) .
The M.I.T. Plasma Fusion Center is located at 167 Albany
Street in Cambridge, Massachusetts. The primary concern for
radioactive effluents is dose assessment for the general
public due to normal operation of the facility and the
proximity of the public to the point of release. Urban
environments such as Cambridge, Massachusetts tend to increase
such proximity when compared to rural releases of effluent.
The variance of the effluent concentration within the
atmosphere surrounding the point of release is of primary
concern for purposes of dose estimates to the urban public.
The overall scope of this project will be to try to
design and install systems which will accurately measure
airborne 41Ar and 3H at lesser concentrations than the lowest
limits offered by commercially available monitoring systems.
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1.2 Background of Problem
Due to the projected low neutron fluence of the Alcator
C-Mod experiment, the anticipated airborne radioactivity
generated and the ultimate concentration of release are very
low by health physics standards; therefore, a method of
monitoring must be established having high sensitivity.
Commercially available detection units do not provide the
desired (required) sensitivity.
41Ar and 3H are the effluents of concern since both will
be the principal radionuclides produced during operation.
Originating from a tokamak-type pulsed fusion reactor, the
neutron fluence will produce 41Ar via neutron capture (n,y)
nuclear reactions with some of the naturally occurring 40Ar
atoms within the experimental cell's air. Argon typically
constitutes approximately 0.934% (by volume) of dry air, of
which approximately 99.6% (0.930% of the air) is the isotope
4 0Ar. 2  Such naturally occurring 40Ar atoms act as excellent
"target" nuclei (based upon thermal absorption cross-
sections3 ) for neutron capture reactions over a portion of the
anticipated energy spectrum of the (tokamak-produced) neutron
1Weast, R.C., ed. Handbook of Chemistry and Physics, CRC
Press, Boca Raton, Florida. p. F-148.
2Walker, F.W., et. al. Chart of the Nuclides, Knolls Atomic
Power Laboratory. San Jose, Ca: General Electric Company. 13th
ed., 1983.
3Lamarsh, John R., Introduction to NUCLEAR ENGINEERING. 2nd
ed., Reading, Ma: Addison-Wesley. p. 644.
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fluence. 4  After capturing a neutron, each 40Ar nuclide
becomes a radioactive 41Ar nuclide. 41Ar nuclei subsequently
decay with a half-life of 1.83 hours and emit 1.198 MeV p-
particles and 1.29 MeV y-rays.5 Such electromagnetic (y-ray)
and electron (0-particle) emissions by 41Ar are major
contributors to the radiation dose which the public will
encounter from the Alcator C-Mod experiment.
The emission of tritium, the radioactive isotope of
hydrogen, from the Alcator C-Mod experimental cell will also
contribute to the radiation dose to the public. Admission of
tritium to the air within the experimental cell may occur
during opening of the experiment's vacuum chamber. The bulk
of the tritium will be carried to the exhaust duct in sealed
vacuum exhaust lines. Such tritium will be exhausted from the
experimental cell along with the 41Ar due to the constant
"cycling" of the air within the cell. The method of
production of the tritium within the vacuum chamber is via a
Deuteron-Deuteron (D-D) nuclear fusion reaction which is
denoted6 by 2H(d,p) 3H. Tritium and 41Ar production are similar
in that they both occur due to nuclear reactions; however,
tritium is a direct product of fusion in this experiment,
whereas 4Ar is produced as a secondary effect due to liberated
4Fiore, C.L. Alcator C-Mod Final Safety Analysis. Cambridge:
M.I.T. Plasma Fusion Center, 1989., p. 34.
5Walker, F.W. et. al., Chart of the Nuclides., 1983.
6Fiore, C.L. Alcator C-Mod Final Safety Analysis., p. 49.
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neutron fluence. Tritium decays with a half-life of 12.3
years and emits P-particles with an energy of 0.0186 MeV.7
The most significant initial limitation concerning the
design of the effluent monitoring systems is that they must
fit concisely within the experimental cell area or its
immediate vicinity during operation of the experiment. The
implication for the 41Ar detection system is such that the
detection detection volume (which is screened to determine the
airborne concentration) must be within reasonable dimensions.
Reasonable dimensions are those which allow the entire system
to be placed in the overhead portion of the southeast
emergency exit pathway from the experimental cell.
In order to allow for installation and maintenance while
not occluding the emergency exit pathway, it was empirically
determined that the major components of the 41Ar monitoring
system should be able to be placed upon a platform at
approximately 6.5 feet above the grade of the lowest portion
of the emergency exit. This platform would be limited in size
to approximately 4 feet wide (when facing east) by 2.5 feet in
breadth. Due to size limitations imposed by the exhaust duct
present in the southeast emergency exit, the maximum height of
the 4'Ar monitoring system components needs to be limited to
3 feet above the mounting platform which has already been
described.
The tritium monitoring system will be placed within the
7Walker, F.W. et. al. Chart of the Nuclides, 1983.
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experimental cell of the Alcator C-Mod experiment. Effluent
air sample will be both acquired from and returned to an air
duct which is installed along an interior wall of the cell.
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CHAPTER 2
ANALYTICAL CONSIDERATIONS
2.1 Introduction
When considering the ionizing radiation (and its effects)
to be liberated by the Alcator C-Mod experiment, several
concepts must be introduced. Topics necessary for a complete
understanding of the physical processes include radiation
dosimetry and biological effects, a theory for modeling
physical dispersion of released isotopes (with specific
reference to the "pulse" production of the radiation
emitters), radiation detection/monitoring theory, sample
acquisition theory for gases with specific reference to flow
and energy (frictional head loss) considerations, and some
basic chemistry regarding hydrogen. Due to the nature of the
particular applications contained herein and the limited
domains of most physical theories, applicable domains will be
noted (when necessary) for theories discussed.
2.2 Dosimetry and Biological Effects
The sources of radiation to be considered herein are
radioactive elements. The property of radioactivity is
determined by nuclear stability; moreover, unstable nuclei
attempt to reach stable states by undergoing transitions.
Such transitions generally involve the emission of radiation.
15
Each nuclear transition is considered a disintegration, with
"activity" being a measure of disintegration rate. 1 Activity
is measured in units of Curies (Ci), where one Ci is equal to
3.7*1010 disintegrations per second. The microcurie (ACi), a
more practical measurement for this document, is equal to 10-6
Ci.
The primary interactions of radiations with matter
include ionizing (directly vs. indirectly) and non-ionizing
events. Ionizing events, which can be attributed to y-ray and
charged particle radiations (e.g.: a- and P-particles) create
ions by coulombically liberating atomic electrons. (Neutrons
may create ionization indirectly through the liberation of
protons in nuclear interactions; subsequently, these protons
can directly generate ionization.) Non-ionizing events, which
are usually limited to neutron or very-low-energy y
interactions, involve scattering or capture of free neutrons
or scattering of ys, usually without the direct formation of
charged particles or free ions.2
Exposure, defined only for x- and y-ray radiations, is
the ratio of charge created (by rays via ionizing events) per
unit mass within a volume (AQ/Am as Am -+ 0) . This definition
is limited to cases where all electrons liberated within the
Krane, Kenneth. Modern Physics., New York: John Wiley &
Sons., pp. 240-241.
2Knoll, Glenn F. Radiation Detection and Measurement, 1V
edition. New York: John Wiley & Sons, 1979. pp. 39-78.
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volume are completely stopped within the same medium. 3
(Although the term Exposure is no longer defined by the
international health physics community, due to its historic
significance it is still commonly used within the United
States in fields such as instrumentation and calibration of
radiation protection devices.)
The minimum amount of energy necessary to ionize atoms is
not constant for all elements; moreover, this amount of
energy, which is determined by quantum mechanical constraints,
is referred to as the work function of an atom. 4  Since
ionizing events are necessary to create a net exposure within
a homogeneous material, ionization can be categorized either
according to net charge created or overall energy deposited.
2.2.1 Definitions
Radiation dose, unlike medicinal dosage (which is
generally measured in units of mass or volume delivered), is
a measure of energy deposited within a given mass of substance
(units: Energy/Mass, from AE/Am as Am - 0). When the
substance within which deposition occurs is living tissue,
biological effects are inherent. Each radiation type may
produce distinctly different biological effects per unit
absorbed dose; moreover, this is due, at least in part, to the
ionization density along the path of each radiation type. A
3Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING, p. 465.
4Krane, Kenneth Modern Physics. New York: John Wiley & Sons,
1983. p. 68.
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quantity which is directly related to the observation of
biological effects would be more useful and convenient than
radiation dose.
To fulfill this need, the quantity Dose Equivalent5 is
established, which is essentially the product of the dose and
a linear scaling factor. The scaling factor represents the
effectiveness of different types of radiation in inflicting
biological damage per unit of energy deposited. Two separate
sets of factors, the Relative Biological Effectiveness (RBE)
and Quality Factor (QF) ,6 are commonly used. RBE values are
determined experimentally (with most having a specifically
defined endpoint biological effect), whereas QF values are
often estimates assigned by the International Commission on
Radiation Units and Measurements (ICRU), and represent the
observations of stochastic risks.
RBE and QF values are strongly dependent upon the
distribution of the energy deposition (i.e., ionization
density already described) along the path of the radiation
through the biological material. The best measure of this
distribution is the value of the Linear Energy Transfer (LET)'
of the radiation (units: Energy/length). Radiations such as
1 MeV neutrons and naturally occurring a-particles have high
5Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING., p. 403.
6Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING., pp. 402-
403.
7Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING., p. 89.
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QF values (and high LET values8 ) of approximately 10, whereas
x-rays and y-rays (and liberated electrons) have low QF values
of 19.
The common units of measurement for absorbed dose are the
rad and the Gray (SI). The rad is defined as deposition of
100 ergs/gram of material. One Gray is exactly equal to 100
rads, or 1 J/kg (SI) . Dose equivalent, when using a QF value
as a scaling factor, is measured in units of rem when dose is
measured in rads, and units of Sievert (SI) when dose is
measured in Gray.10
Radiation exposures may be classified into two general
categories, internal and external exposures. External
exposures occur when biological effects arise due to
"radiation incident upon the body from the outside," whereas
internal exposures are due to "radiation emitted from
radionuclides absorbed [or deposited] into the body."" For
the purposes of this document, exposure to 41Ar is primarily
an external exposure, whereas exposure to 3H is considered to
be an internal exposure only. In the strictest sense of
exposure (ionization) and radiation dose (6E/6m) this is
untrue; however, from the biological effect (Dose Equivalent)
8Knoll, Glenn F. Radiation Detection and Measurement., p. 77.
9Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING., p. 404.
10Knoll, Glenn F. Radiation Detection and Measurement., pp.
76-78.
1 1Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING., p. 398.
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point of view, this is an entirely accurate approximation, due
primarily to the radioactive nature of tritium. Tritium is a
pure P-emitter of such low energy that the range in tissue of
the maximum energy 0-particle is less than the thickness of
the outer "dead layer" of cells within the epidermis. 1 2
Tritium can provide an internal dose when present within an
inhalation pathway; from an area such as this it can be
incorporated into body fluids.
The physical state of the radioactive material is of
great significance for determining the ultimate dose
consequence. In the strictest scientific sense there are only
three states: the solid, liquid and gaseous states. When
considering airborne radioactive materials, two airborne
classifications are identified, the first being the gaseous
state. The second classification is airborne particulates.
Gases are accurately defined as "monomolecular distributions
... formed by evaporation or sublimation" whereas particulates
are "agglomerates of molecules in the liquid or solid state."
Examples of liquid particulates are mists and fogs, while
dusts, fumes and smokes are examples of solid particulates.13
Aerosol is a term in use to describe disperse systems of
particulates within air. The significance of these
12F.F. McWilliams, MIT Reactor Radiation Protection Officer
personal interview., May, 1990.
13Randerson, Darryl, ed. Atmospheric Science and Power
Production (DOE/TIC-27601)., Springfield, Virginia: Technical
Information Center, Office of Scientific and Technical Information,
U.S. Dept. of Energy. 1984, p. 686.
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definitions toward this problem is that the assumption will be
made that both 4Ar and 3H effluents do not act as aerosols but
rather as gaseous airborne emitters. This is an excellent
assumption for 4'Ar, which is an inert gas, while for tritium
this assumption is somewhat limited by atmospheric conditions
such as absolute humidity, temperature and atmospheric
pressure. Under conditions of low temperature, high relative
humidity and relatively high atmospheric pressure, tritiated
water [HTO] which is in the gaseous state may form particulate
mist or fog. Such an occurrence usually requires near 100%
relative humidity at a high temperature prior to cooling to a
lower temperature in order to cause misting. Since the
relative humidity within the experimental cell is not expected
to reach 100%, the gaseous state assumption will be maintained
for tritium as well as for 4'Ar.
The gaseous state assumption is one characteristic
necessary to describe the movement of the radioactive
materials upon release to the atmosphere.
A radiological cloud is a relatively well-defined volume
containing a radiation-emitting isotope(s) present in either
(or both) of the gaseous or particulate classes. If the
concentrations of the isotopes within the cloud are constant
over a specified region (this occurs rarely and only with
exact meteorological conditions) , then the cloud is said to be
21
homogenous over that region.14
The concept of an infinite cloud is significant in
dosimetry since dose calculations are often possible only when
such an assumption is made. An infinite cloud is a cloud
(containing radiation emitters) of dimensions which are large
compared to the distance that the emitted radiations travel
before absorption. Such dimensions allow an equilibrium to be
established between the rate of energy release (due to
radiation emission) and the rate of energy absorption per unit
volume of cloud15 (commonly referred to as the Energy Spatial
Equilibrium). In such clouds, the dose rate then becomes
proportional to the rate of energy emission. Perfect infinite
clouds rarely if ever occur, yet the concept is useful for
estimating maximum dose rates in near-uniform clouds of
radiological effluents. An important note is the current lack
of a direct analytical method to predict dose rates within an
inhomogeneous finite effluent cloud, when concentration varies
according to time and atmospheric conditions.
Radioactive elements which decay via -emission do not
liberate all /-particles at a single energy, but over an
energy spectrum which is characterized by a maximum energy,
which is usually quoted. For a large number of atoms of a
given O-emitting isotope (such as 3H), the average energy of
14Randerson, D., ed. Atmospheric Science and Power
Production., p. 710.
15Randerson, D., ed. Atmospheric Science and Power Production,
p. 710.
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the f-particles emitted will be approximately one-third of the
maximum energy of the spectrum.16
2.2.2 Gamma Dose Computations -- External Exposures
For an infinite cloud of a radioactive material (which is
limited to y-emission only) such that the emitting isotope is
distributed uniformly throughout the cloud, the following
equation describes the rate of energy liberation, which is
equal to the dose rate in air within the cloud.
aD (Y' -
at
x EY (1.6*10~6) (3.7*1010)
(1293) (100)
(1)
where:
E =
x =
1.6 * 10-6
3.7 * 1010 -
1293
100
total dose (rads),
averag y disintegration energy
(Mev/dis),
concentration of the y emitter
in units of (Ci/m 3 ) ,
the number of ergs per MeV,
disintegration rate per Curie,
dis/(s-Ci)
density of air at STP, (g/m3),
conversion factor, energy absorption
per gram of material per rad,
(erg/ (g-rad))
It should be noted that the primary gas which occupies the
cloud is atmospheric air, with the radiation emitter having a
relatively low concentration in comparison to the gases
comprising air.
The dose delivered to any object (with dimensions small
compared to the dimensions of the infinite cloud) within such
16Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING
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. , p. 19.
a y-emitting cloud is simply the time integral of the above
equation (1), which is:
D ,-) = (0.507)E, fxdt (2)
0
where all symbols are as defined for equation (1), and
the integral over dt is a time integral over the exposure
time.
2.2.3 Beta Dose Computations -- External Exposures
The dose rate within a homogeneous infinite cloud of a #-
emitter can be expressed in a similar manner to equation (1).
For a fl-emitter, this expression becomes: 7
cID, = X Ep (1.6 -10-6) (3.7 . 1010)
at (1293) (100)
where F is now the average energy of the emitted 6-
particles.
Equation (3) can be reduced to: 18
'D(P ) = (.458) E, x (4)
at E
The dose delivered externally due to such a #-emitting cloud
is the time integral of equation (4), which is:
1 7Randerson, D. Atmospheric Science and Power Production
p.703.
18Randerson, D. Atmospheric Science and Power Production.
p.703.
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D = (.458) E5 fx(t)dt (5)
0
which, for clouds having constant concentration chi (x) versus
time, becomes:
D = (.458) E0 x t (6)
where t is the amount of exposure time (in seconds) spent
within the cloud.
A careful examination of equations (2) and (5) yields a
rather curious observation. Beginning with equations (1) and
(3), the dose rate equations, how can identical equations for
a- and -emitters yield different constants when the dose
rates are integrated over time? These different constants are
0.507 and 0.458 in equations (2) and (5) respectively. The
explanation for this anomaly is based upon the media for which
the dose quantities are derived. Air is the reference medium
for dose due to y-rays, whereas tissue is the medium for dose
due to /-particles. The ratio of the stopping powers of
tissue and air is approximately 1.11 to 1.13. The ratio of
0.507 to 0.458 is 1.11; therefore, equations (2) and (5),
which yield time-integrated dose information, are
clarified. 19
2.2.4 Internal Exposures
19F.F. McWilliams, MIT Reactor Radiation Protection Officer,
personal interview., May, 1990.
25
Internal exposure occurs when a radioisotope is inhaled,
ingested or some other way absorbed into the body.21 In the
case to be considered herein, 41Ar will not be considered to
be inhaled by a person who is within the effluent cloud.
Since Argon is an inert gas, it can be assumed that for short
time durations (=5 minutes) within the effluent cloud, all 4 Ar
which is inhaled and does not radioactively decay within the
lungs will be exhaled shortly upon exit from the effluent
cloud. (Noble gases are insoluble in water, the major
constituent of blood.21)
Tritium cannot be assessed in the same manner. Inhaled
tritium will be assumed to be primarily in the form of
tritiated moisture vapor (HTO). Such moisture can be treated
as undergoing successful exchange with body moisture
(epithelial lung lining, blood volume, etc.) leading to
reduced exhalation of tritium.2 2
Due to its replacement of body moisture, tritium is
considered to travel throughout the body and deliver its dose
as a whole body dose for internal exposures.
Inert 4'Ar, which can be exhaled effectively, will also
be assumed to deliver its dose to the whole body since the
entire body is within the "range" of the y-rays emitted by 4 1Ar
molecules within the lungs. (The mass attenuation coefficient
20Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING. p.446.
21Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING, p.454.
22Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING. p.454.
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for 1.25 MeV y-rays passing through water is 0.0630 cm 2/g;
moreover, tissue is essentially water, yielding the mean free
path of such y-rays in solid tissue as essentially 15.9
cm. )23
Internal exposure to both charged particles and y-rays is
dependent upon the amount of radionuclide (C(t) in gCi)
present in the body, both the average amount of energy
liberated by each disintegration and the fraction of the
internally liberated energy which is retained within the body.
The absorbed dose rate is given by:
aD = (3.7 * 104) C(t) E (7)at
which, upon substitution and multiplication by a QF value,
yields the dose equivalent rate:
aH _ (5.92 * 10-4) C(t) EQ (8)
at M
where H is the dose equivalent delivered (in rem), M is
the mass (in grams) of the organ containing C(t) amount
of the radionuclide (in gCi).
In order to account for the distribution of radiation emitter
over various energies as well as the fraction absorbed of the
emitted radiation, the effective energy equivalent is
defined.2 4 The effective energy equivalent, xi (i), is a
23Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING. p.648.
24Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING. p.447.
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weighted average of the energies emitted (and absorbed) as
well as associated QF values, which applies as follows:
H _ (5.92 * 10-4) C(t) { (9)) t M
The internal exposure dose equivalent due to 41Ar clouds
is generated by evaluating equation (9) for the C(t) and M
values characteristic of the cloud, and for the amount of time
spent within the cloud. For tritium, the amount of isotope
inhaled is evaluated based upon respiratory rate and time
spent within the cloud; however, tritium is not appreciably
exhaled from the bloodstream after absorption into same.
Removal of absorbed 3H must be via decay and excretion, which
are cumulatively expressed as the biological half-life (t(1, b)
of tritium being 11.9 days. 25
Calculations have determined that for the applications
considered herein, 4Ar dose equivalents derived from internal
exposures are insignificant when compared to those derived
from external exposures; however, tritium dose equivalents
from internal exposures can be substantial, particularly if
inhalation occurs at points very near the stack exhaust. This
section has been provided for accuracy and unity. Internal
exposures will only be considered further for tritium
effluent.
2.3 Modeling Physical Dispersion of Released Effluents
25Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING. p.448.
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Infinite clouds represent idealized situations concerning
effluent releases. Actual effluent movements require modeling
to estimate airborne concentrations; however, even the most
accurate models are limited by their statistical time-average
nature.
2.3.1 Plume Movement and Meteorology
A column of gas containing radioactive effluent
"emanating from the mouth of a continuously emitting chimney
or smoke stack is called a plume."26 The dispersion of such
a plume is governed by the atmospheric (meteorological)
conditions present at and about the site of plume release.
With certain conditions the plume may be approximated by an
infinite cloud which shows little atmospheric dispersion.
Under other conditions, such as turbulence, dispersion may be
so dramatic that the airborne concentration of the radioactive
material is depleted within a relatively short distance from
the release point.
The method and degree of atmospheric dispersion are
generally determined by the "stability" of the atmosphere
surrounding the release point. Two methods are available for
assessing the stability of the atmosphere, the first being
based upon the adiabatic lapse rate, and the second based upon
the standard deviation of the wind direction.2 7
26Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING. p.554.
2 7 Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING. pp. 549-
560.
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Dispersion is a general term which refers to the decrease
in concentration of effluent within a plume. Dispersion is
generally treated as having two components: A gross or bulk
transport component based upon the adiabatic lapse rate
(vertical temperature gradient) stability of the environment,
and a turbulent diffusion component. 28  Turbulent diffusion
is not molecular diffusion ("trivial in the atmosphere" 29),
the type most easily demonstrated by a solute suspended in a
solvent. Molecular diffusion is due to "successive collisions
of individual particles," whereas turbulent diffusion is
attributed to "cumulative effects of turbulent eddies in the
atmosphere. ,30
2.3.2 Lapse Rate Meteorology31
Given a differential volume of air with cross-sectional
area A and height dz (where z is the axis extending above and
below the Earth's surface, which is considered locally planar)
the difference in pressure acting upon the top versus the
bottom face of the differential volume is proportional to the
density of the air:
28Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING. p.556
29Randerson, D. Atmospheric Science and Power Production.
p.8.
30Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING. p.556.
3 1Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING. pp. 549-
555.
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=pg P9(10)
8z
where P is atmospheric pressure, p is atmospheric
density, and g is acceleration due to gravity.
If air is considered an ideal gas, then the general ideal gas
law must be approximated:
PV = nmRT (11)
If mass atmospheric air motions are fast in relation to the
rate of heat (energy) transfer, then the atmospheric motions
can be considered to be adiabatic, such that:
T = ka P((-1)/Y) (12)
Y = C /CV (13)
where ka is an appropriate scaling constant, cp is the
specific heat of air at constant pressure, and c. is the
specific heat of air at constant volume.
Substituting the ideal gas and adiabatic equations into the
expression for pressure variation according to elevation, the
lapse rate equation is generated:
C (14)
az
where C is a constant called the lapse rate which has the
solution:
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T = To - CZ
where z is the altitude above ground level, T is the
temperature at any altitude z, and To is ground-level
temperature.
An adiabatic lapse rate infers a linear relationship between
altitude and temperature, where the temperature decreases with
increasing altitude.
The atmospheric temperature profile does not always
follow an adiabatic curve; regions may exist where the
temperature is constant (isothermal) or increasing (inversion)
with increasing altitude. When temperature decreases (with
increasing altitude) at a rate faster than the adiabatic rate,
a superadiabatic condition occurs. When the rate is less than
adiabatic, the atmosphere is termed stable. The temperature
profile greatly affects the dispersion of an effluent plume
via the transport component already introduced.
2.3.3 Transport Plume Movement & Stability Effects
If a'mean horizontal wind speed exists, then the constant
release of a plume from a stack will result in two vaguely
defined macroscopic flow stages. The first stage of plume
movement is the quasi-vertical stage, during which time the
plume rises and is "bent over" by the horizontal wind. The
second stage is the quasi-horizontal (bent over) stage, such
32
(15)
that the plume's approximate trajectory is horizontal. The
stability of the atmosphere primarily affects the quasi-
horizontal stage. These effects are evidenced as near-
horizontal movement of the plume perturbed into one of five
recognized plume patterns: fanning, fumigation, looping,
coning and lofting.
Fanning occurs when effluent is emitted into an inversion
atmosphere,33 such that the plume rises buoyantly until it
reaches a stable temperature. Unidirectional horizontal wind
can cause the plume to bend over and continue in a well-
defined trajectory with both upper and lower edges of the
plume being (relatively) distinct and near-horizontal. If
horizontal wind is not originating from a single direction,
then the plume may spread out like a fan in a horizontal
plane. Fanning is associated with an atmosphere which is
stable both above and below the plume.
Fumigation occurs when the atmosphere is stable above yet
neutral below the plume.34 Such a condition yields a near-
horizontal upper plume edge and a diffuse lower plume which
lacks a clear edge.
Looping occurs when the plume is emitted into a fully
3 2Randerson, D. Atmospheric Science and Power Production.
p.328.
33Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING. p.328.
34 Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING. pp. 554-
555.
33
unstable atmosphere.35 In this case both the upper and lower
plume edges are defined yet are rarely horizontal. The plume
shows some random behavior and may even reach ground-level,
depending primarily upon stack-height.
Coning occurs when the atmosphere is fully neutral. The
plume in the quasi-horizontal stage resembles "a cone with a
horizontal axis."3 6  Both upper and lower plume edges are
well defined while neither is near-horizontal.
Lofting occurs when the plume is released and the
atmosphere above the quasi-horizontal stage is neutral while
the atmosphere below the plume is stable. The lower and upper
edges are well-defined, yet only the lower edge is near-
horizontal. This type of plume favors the dispersal of
effluents at higher altitudes yet retards dispersal at the
lower edge of the plume; consequently, a lofted plume is most
favorable for the effective and safe dispersal of
effluents.37
2.3.4 Diffusive Plume Movement & Stability Effects
In addition to gross plume movements, turbulent diffusion
may account for some of the dispersion of atmospheric
effluents. Treatment begins with a Fickian expression for the
three-dimensional diffusion of an effluent plume:
35Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING. p. 555.
36Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING. p. 555.
37Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING. p. 556.
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ax =K ax a 2X YaZ X- K x + K + Kaz (16)at *ax2 a y2 az2
where x(x,y,z) is the plume concentration field over
space, and Kx, KY and K. are the diffusion coefficients in
the x-, y-, and z-directions.
A Fickian expression is utilized herein because experimental
evidence suggests38 that this type of initial expression
gives the most accurate concentration predictions for
relatively small distances from the point of emission; in
addition, the scale of applicable meteorological conditions
is slightly limited. Ostensibly, this restricts pure Fickian
theory from being employed to explain diffusion in cyclonic
currents, at large distances from the point of emission, and
for extremely small clouds (where molecular diffusion may
predominate); moreover, this can be understood as a definition
of both high- and low-scale spatial and high-scale
meteorological limits.39
When a horizontal wind with mean speed U is present the
Fickian expression must be updated :
aX + 5-A = K + K 
-2 + K - (17)
at ax Xax2  7aY 2  za2
If the rate of effluent emission is constant, and the general
assumption that diffusion in the direction of the wind is
38Wexler, H. ed. Meteorology and Atomic Energy. Washington,
D.C.: U.S. Dept. of Commerce, Weather Bureau, 1955., p. 38.
39Wexler, H. Meteorology and Atomic Energy. p. 39.
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negligible when compared to transport due to the wind itself,
equation (17) reduces to:
U- K + K -3x K ay 2 +z 2 (18)
which has the solution:40
x (x,y, z) =
Qexp[-- (u + I)]
4x K K
4 in x K-YKz
A pure Fickian Diffusion model thus suggests that the
effluent, moving along the x-axis, spreads out in a Gaussian
fashion into the x-y and x-z planes. The mathematically
derived standard deviations of these Gaussian spreads are:
2xK
= Gy=
2 xK, (20)
where ay and az are the standard deviations of the
Gaussian plume concentration in the y- and z-directions.
These values are usually referred to as the "diffusion
parameters" when they are substituted into the Fickian
diffusion solution to provide the more useful Gaussian plume
expression:41
40Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING.
557.
p.
'Randerson, D. Atmospheric Science and Power Production.
p. 590.
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(19)
Qexp[ 
-(z-h) 2 ]
) (x y2za Y2  2 0 z 2 (21)
where Q is the strength of a "point source" located at
coordinates (0, y,, h) ; yo is the initial y- coordinate
of the stack "point source"; h is the emission height of
the stack, and all other terms are previously defined.
The point source, Q, for the present model, emits a fixed
rate of effluent (Ci/s) to the atmosphere.
The change in nomenclature from standard deviations to
"diffusion parameters" is very significant, since it
delicately introduces the notion that the turbulent diffusion
model incorrectly ignores the stability of the atmosphere into
which the effluent is released.42 Indeed, experimental
evidence suggests that this is a critical flaw; however, the
entire derivation is not obsolete. Pasquill and Gifford have
shown that the spread of effluents in the x-y and x-z planes
remain Gaussian; however, the values for the diffusion
parameters require experimental determination, which Pasquill
and Gifford have provided. Essentially, the Fickian diffusion
model grossly underestimates the diffusion parameters as a
function of distance from source (due to atmospheric
stability); consequently, Fickian diffusion vastly
overestimates plume concentrations, particularly along the
4 2Randerson, D. Atmospheric Science and Power Production.
p. 590.
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central x-axis of plumes. 43
Gifford has graphically expressed the variation in the
diffusion parameters versus distance from the source for all
six Pasquill-Gif ford stabilities, which are described in Table
1. 4 Gifford's empirical graphical relationship between
diffusion parameters and distance for all six stability
categories will be utilized extensively (after appropriate
extrapolation) for calculating plume concentrations based upon
Gaussian-based turbulent diffusion.
Table 2-1: Relationship between P-G stability classes
and the standard deviation of the horizontal wind
direction.
Pasquill-Gifford Standard Deviation of
Class Horiz. Wind Direction
(degrees)
A: Extremely Unstable 25.0
B: Moderately 20.0
Unstable
C: Slightly Unstable 15.0
D: Neutral 10.0
E: Slightly Stable 5.0
F: Moderately Stable 2.5
A significant note is that the Gaussian plume model is a
time-averaged model; the instantaneous plume spread may yield
43Randerson, D. Atmospheric Science and Power Production.
pp. 591-593.
"Randerson, D. Atmospheric Science and Power Production.
p. 591.
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a concentration distribution which is "patchy, meandering or
otherwise non-Gaussian. "45
2.3.5 Reduction of Source, Q(t) by Radioactive Decay
& Dilution
The Gaussian plume dispersion formula (equation (21))
above is based upon a fixed rate of effluent emission to the
atmosphere. If the rate of effluent emission, Q, is not
constant, then the Gaussian dispersion formula may be modified
by simple addition of an extra term for time dependence. In
the case of the Alcator C-Mod experiment, the time dependence
is an exponential decrease based upon both radioactive decay
and dilution of the source, such that:
Q = Q0 e (-kt) (22)
which modifies the Gaussian plume formula to the following
statistical average :
-kt 1Y 0)2  (zh 2
2(2 2 2 (23)
x(x,y,zt) = e1 27aya zU
where t is the time measured after the pulsed production
of an amount of effluent within the Alcator C-Mod's
experimental cell.
Radioactive decay is expressed via the term exp[-(I)t],
whereas dilution is expressed via exp[-(F/V)t] for a large
45Randerson, D. Atmospheric Science and Power Production.
p. 590.
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building with an open interior, fixed internal volume, and
fixed yet equal air supply and exhaust (containing effluent)
rates. The decay factors exp[-(A)t] and exp[-(F/V)tj may be
combined into a single correction factor exp[-kt] which was
substituted into equation (23). The constant k is given
by:46
k = F + 1 (24)V
where k is the effective decay constant, I is the decay
constant for a single effluent in question, V is the
internal volume of the Alcator experimental cell, F is
the stack exhaust rate
Direct substitution of Q(t) into the Gaussian plume dispersion
expression still yields a statistical-mean picture of the
airborne concentration; however, the mean is with reference to
the spatial fluctuation of the effluent concentration.
Temporal and spatial portions of the solution are separable.
2.3.6 Effects of the Pulsed Nature of Effluent Production
Suppose production of effluent within the Alcator C-Mod
experimental cell can be considered instantaneous. To
expound, at some instant the uniform airborne effluent within
the cell could be zero, and at some very small amount of time
(relative to the "cycling" time necessary to remove the full
volume of air from within the cell) later a uniform effluent
46Lamarsh, J.R. Introduction to NUCLEAR ENGINEERING. p.
578-579.
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concentration (greater than zero) could be detected within the
cell. This type of effluent manufacture is termed pulse
production: Effects are given by example below.
The Alcator C-Mod experiment, which is to produce fusion
pulses with an approximate maximum duration of 1.0 seconds47 ,
will be modeled well by an assumed instantaneous effluent
production. The experimental cell's air cycling time is
approximately 3600 seconds. This amount of cycling time was
a design parameter; moreover, with a fixed cell internal
volume (approx. 2.54 * 103 M3 ) the cycling time was set by the
choice of the cell's exhaust flow rate (0.71 m3) 48 . Since the
time necessary for effluent production is fully three orders
of magnitude less than the cell cycling time, the assumption
of instantaneous effluent production is justifiable.
Alcator C-Mod's mode of experimental operation should
provide 3750 pulses per year (25 pulses per day, 5 days per
week, 30 weeks per year) .4 This breakdown assumes
approximately twenty minutes between successive pulses on an
operating day. Due to energy limitations, the time between
pulses should never be less than 15 minutes; therefore, all
concentration buildup calculations which follow are based upon
a 15-minute spacing between pulses ("shots") . Thus an
exceptionally efficient operational day could produce 32
4 7Fiore, C.L. Alcator C-Mod Final Safety Analysis. p.27.
48Fiore, C.L. Alcator C-Mod Final Safety Analysis p.49.
49Fiore, C.L. Alcator C-Mod Final Safety Analysis. p.33.
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shots.
The half-life of 41Ar is 1.83 hours50 , and therefore the
radiological decay constant, 1, is equal to 1.05 * 10-4/sec.
Since the concentration within the experimental cell can be
reduced by both radiological decay and dilution, the cell's
effective decay constant for 41Ar, kArl is 3.84 * 10-4/sec. For
the first successful pulse of the experiment, the initial
argon effluent concentration created within the cell will
decay by a factor of exp[-kArt] (where t = 15 mins) before the
first successive shot.
This analysis can be generalized such that for the nth
shot, the accumulated effluent concentration due to the
previous (n-1) shots (assuming the accumulated concentration
of the effluent within the cell is small in comparison to the
concentration of the air itself; e.g.: the production of
effluent by successive shots is not affected by previously
created effluent) will be:
1= (n-1)
x = [ (e- 0k) X0 (25)
1=1
where x is the accumulated concentration prior to the n th
pulse, x0 is the maximum anticipated concentration of a
single effluent following a single pulse, k is the
effective decay constant of the single effluent in
question, and 1 is the index of pulses.
Since the two effluents to be presented within this
50Walker, W.G. Chart of the Nuclides.
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document are 41Ar and 3H, applicable parameters for these
effluents are tabulated below in table 2-2:51
Table 2-2: Effective decay constants and maximum
anticipated effluent concentrations following a single
Alcator C-Mod pulse for 4"Ar. and 3H.
Effluent Effective exp[-kt], Maximum 1-
(Isotope) Decay where t = shot
constant, 15 minutes. concentration
k. (sec-) (micro-
I Curies/ml)
4"Ar 3.84 * 10-4 0.7079 4.82 * 10-7
(in the cell)
3H 2.78 * 10-4 0.7786 4.17 * 10-8
(exhaust pt.)
To include the effluent due to the nth shot, simply extend the
above summation to include the case when the index 1 is equal
to zero. Therefore, the concentration immediately following
the nth shot of the day will be:
1= (n-1)
x = [ (e t)) 1y]
1=0
(26)
Application of this analysis to 4'Ar yields:
1 - (n-1)
X = [ (0 .7079) ' (4.82 * 10~7)
1- 0
(27)
immediately following a shot, whereas for 3 H the analysis
yields:
5 1Fiore, C.L. Alcator C-Mod Final Safety Analysis. p.49.
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1=n-1
x = E [(0.7786) (4.17*10~)] (28)
1=0
By the ratio test the above summations can be shown to
converge. The critical ratios for equations (27) and (28) are
given by equations (29) and (30) respectively:
(.7079) (n+i)
re= limefl..,) = 0.7079 (29)
(.7079)n
rH_3 lim(n-) (.7786) (n+ 1) = 0.7786 (30)
(. 7 7 8 6 )n
Since r<1 for both effluents as shown above, both series
represented in equations (27) and (28) converge.
For 4Ar concentrations, which decay slowly as (0.7079)L,
the series can be approximated very well by the first twenty
terms. For 3H concentrations, which also decay slowly, the
series can be approximated by the first 25 terms:
1= (n-1) 1=19
limn--) E (0.7079) 1 E (0.7079) 1 = 3.4218 (31)
1-0 1=0
1= (n-1) I =24
limn--) (0.7786) 1 ~ (0.7786) 1 = 4.510 (32)
1-0 1-0
These calculations deliver maximum buildup concentrations
for 41Ar and 3H as expressed (when combined with the data in
Table 2-2) in Table 2-3:
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Table 2-3: Maximum buildup effluent concentrations
within Alcator C-Mod for "Ar and 3H, assuming 15 minutes
between pulses of effluent production.
Effluent Maximum Buildup Concentration
(microcuries per millileter)
41AR (4.82 * 10~7)(3.4218) = 1.65 * 10-6
3H (4.17 * 10-8) (4.5100) = 1.88 * 10'
2.3.7 Effective Stack Height -- A Safety Factor
The quasi-vertical and quasi-horizontal stages of plume
formation already discussed suggest that for any plume emitted
vertically from a stack, some vertical displacement of the
plume will occur prior to the bending over of the plume into
the quasi-horizontal stage. The amount of plume rise, which
represents the distance of the plume's horizontal centerline
above the emission point (stack top), leads to a reduction in
the plume concentration at ground level52 and also at points
with lower elevation than the stack height.
Plume rise is a very difficult parameter to estimate
because it depends on a vast array of factors which include,
but are not limited to, the following: plume density; plume
radius; plume velocity; atmospheric stability; shear forces
between plume and atmosphere; specific heat of plume; plume
buoyancy; plume profile (shape) etc.
The Alcator C-Mod exhaust stack has a cross-sectional
52Lamarsh, J.R. Introduction to Nuclear Engineering. p.
554.
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area of approximately 0.217 m2 yet delivers 0.71 m3/sec air
flow.53 Based upon these design parameters, the mean stack
velocity is 3.27 m/sec. Relying upon a jet model for plume
rise in a cross-wind54, and assuming a 5 m/s55, cross-wind in
the exact direction of the horizontally closest accessible
point (to be known as point C2) to the stack (18 feet in a
horizontal direction from the stack) , a conservative estimate
of the plume rise is 0.47 meters. For calm conditions (no
cross-wind) the developing plume rise will generally be
greater than 0.47 meters prior to the plume passing over the
same close access point (C2) .56
The two closest accessible points to the stack will be
introduced as points C1 and C2.57 The plume rise at point C1
will be greater than at C2, since C1 is horizontally further
from the stack than C2.
2.4 Dose Estimates: Assimilation of Dosimetry, Dispersion
Theory and Pulse Effects.
Estimation of biological effects (dose equivalent) being
53Fiore, C.L. Alcator C-Mod Final Safety Analysis. p.49.
54Randerson, D. Atmospheric Science and Power Production.
pp. 338-339.
55Randerson, D. Atmospheric Science and Power Production.
p. 339.
5 6Randerson, D. Atmospheric Science and Power Production.
57McLoughlin, J.C. Alcator C-Mod Argon-41 Dosimetry Safety
Report. Cambridge: MIT Plasma Fusion Center.
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the primary purpose, the dosimetry, dispersion theory and
pulse nature materials must be combined to produce an overall
understanding of the movement and effects of the Alcator C-Mod
effluent.
In order to stress the overwhelming conservative nature
of the upcoming biological effect estimates, the following is
a description of the extreme conditions upon which the
estimates are based. Plume rise is assumed to be completely
null. Wind is assumed to cause a bulk flow movement of the
effluent in the exact direction of the closest horizontal
accessible point (C2), without any bulk flow component of
dispersion. Buildup due to pulse operation is based on
fifteen minute intervals between shots. The only dispersion
which is assumed results from turbulent diffusion caused by
atmospheric eddies; moreover, this diffusion is underestimated
by assuming the most stable atmospheric conditions as defined
by Pasquill and Gifford. Another factor which accounts for
the underestimation of turbulent diffusion is the assumption
that the average wind speed is equal to the minimum monthly
wind speed in each of two directions; each direction
corresponds to one of the two closest points (Cl and C2).
For points Cl and C2 the maximum effluent concentrations
were calculated via the turbulent diffusion model just
described. The dose rate at each point was estimated by
58M.I.T. Department of Nuclear Engineering. Safety
Analysis Report for the MIT Research Reactor (MITR-II) .
Cambridge: M.I.T., 1970.
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assuming an infinite cloud, containing effluent at the model-
generated concentration, to be surrounding each point.
Exposures were assumed to be limited to ten minutes per work
day, and 260 work days per year were scheduled. (This is due
to the sparse occupancy of the MIT Albany Street-Vassar Street
foot-bridge upon which points C1 and C2 lie.) For 4 1Ar and 3H,
the yearly maximum dose-equivalent estimates from airborne
effluents are as described in Tables 2-4 and 2-5 below. Note
that point C2 is at a much lower elevation than Cl; the
elevation of point C1 represents the height of an average
person at the highest elevated accessible point in the
vicinity of the stack exhaust.
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Table 2-4: Yearly external-exposure dose-equivalent
estimates for a person at each of the two closest points
to Alcator C-Mod exhaust stack, 10 min/day, 260 day/yr.
Point 41Ar dose 3H dose Totals
(& type of
dose) (mrem/yr) (mrem/yr) (mrem/yr)
C1 (beta)
<0.1 <0.1
C1 (gamma) 0
<0.1
C1 (total)
<0.2 <0.1 <0.3
C2 (beta)
<0.1 <0.1
C2 (gamma) 0
<0.1
C2 (total)
<0.2 <0.1 <
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Table 2-5: Yearly estimates of internal-exposure dose
equivalent for a person at each of the two closest points
to the Alcator C-Mod exhaust, 10 min/day, 260 day/yr.
Point (& 41Ar dose 3H dose Totals
source
type) (mrem/yr) (mrem/yr)
(mrem/yr)
C1 (beta) 0
<0.1
C1 (gamma) 0 0
C1 (total) 0
<0.1 <0.1
C2 (beta) 0
<0.1
C2 (gamma) 0 0
C2 (total) 0
<0.1 <0.1
2.5 Radiation Detection & Monitoring Theory
For 41Ar detection, many types of radiation detectors
which have wide commercial applications are of interest; of
these, the most prevalent are the Geiger-Mueller tube, and the
Scintillation detector. Since the ultimate goal is to find a
system which is most accurate at determining very low 41Ar
effluent concentrations, some basic detector properties are as
follows.
Tritium, due to its very low energy beta radiation, is
easily detected only via liquid scintillation or internal
ionization chambers; however, ionization chambers exhibit
52
interference from contaminants (such as 4'Ar), whereas liquid
scintillation requires passive versus active sampling. The
goal in low level 3H monitoring is to find a system which is
most efficient at sample collection rather than radiation
detection. Tritium sample collection will be discussed -in
section 2.7.
2.5.1 Radiation Detector Properties
In order for a detector to respond to radiation, such
radiation must interact with the detector by deposition of
energy, with concurrent creation of independent charge or
excitation. The collection of the charge and the type of
detector signal generated by this charge are the principal
variants of all gas-filled detectors.
Two general usage classifications of radiation detectors
are pulse and current modes. 59  Current mode detectors are
such that the signal produced via radiation interactions is
measured as the average dc output current from the detector;
however, this type of operation does not offer the ability to
discriminate (in time) separate interactions via the charge
each creates. Pulse mode operation involves surveying the
detector's current output for each individual radiation
interaction, thus allowing time discrimination. The pulse
output current from the detector is measured as the voltage
present across the load resistance of an RC circuit to which
59Knoll, G.R. Radiation Detection and Measurement. p.
81.
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the detector is connected. When the RC circuit's time
constant is small in comparison to the detector's charge
collection time, the voltage signal shape is nearly identical
to the RC circuit current. When the time constant is large
the voltage signal rise time is dependent only upon the
detector's charge collection time, whereas the signal decay is
a function only of the circuit's time constant, thus producing
a "trailing edge."60 For detecting low levels of radiation,
pulse mode operation with a large time constant is most
applicable.
2.5.2 Gas-filled Detectors
Gas-filled detectors are generally cylinders containing
an inert gas which operate by applying a high voltage between
the outer cylinder and a wire filament within the cylinder.
The cylinder generally acts as the cathode, with the wire
being the anode. The applied voltage accelerates and collects
charges created by radiation interactions with the inert gas.
The level of applied voltage determines the extent of cascade
or ionic avalanche which is created during charge collection.
Geiger-Mueller (GM) tubes operate at the high end of the
applied voltage spectrum (up to several kilovolts), and as
such the output pulses from the detector all have equivalent
amplitude due to a complete gas discharge; therefore, pulse
size (or voltage) from a GM tube does not show any correlation
6 0Knoll, G.R. Radiation Detection and Measurement. pp. 82-
83.
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with the energy of the incident radiation. For many other
detector (such as gas-filled detectors with lower applied
voltage than a GM tube) the size of the output pulse can be
directly related to the energy of the incident radiation. For
gas-filled detectors, the quantity of charge initially created
by the incident radiation varies with the radiation energy;
for example, high energy gamma rays can undergo scattering and
liberate many atomic electrons. Due to the variation in ionic
multiplication (avalanche) versus applied voltage for gas-
filled detectors, those detectors which maintain
proportionality between initial ion pairs produced and output
pulse size can yield a discernible relationship between output
pulse size and incident radiation energy.6 1  Energy-pulse
size relationships exist for gas chambers such as
proportionality counters, yet GM tubes reach a saturation
value for ionic multiplication and therefore this energy
relationship is lost.
2.5.3 Scintillators
Scintillation detectors also yield a relationship between
pulse size and energy. Scintillation materials generally used
for commercial applications (NaI, etc) convert the energy of
incident radiation into detectable light with a nearly linear
relationship between energy and light intensity.62 Inorganic
61Knoll, G.R. Radiation Detection and Measurement. p.184.
6 2Knoll, G.R. Radiation Detection and Measurement. p.
239.
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scintillation materials generally have higher efficiency for
conversion to light than organic scintillation materials, yet
the response time of inorganic scintillators is longer. Since
detecting low concentrations of gaseous 41Ar effluent requires
a maximum ability to detect decays, the higher conversion
efficiency of inorganic scintillators makes them the choice
class of materials. In particular, solid sodium-iodide
scintillation crystals, activated with Thallium, will be
examined.
The principle of scintillation detection is such that the
scintillator has allowed energy levels (due to quantum-
mechanical constraints upon the atomic electrons), which in
crystals are broadened to form energy bands. The valence band
is the uppermost allowed energy band, which is usually
completely full; the next allowed band with a higher energy is
the conduction band. A narrow band just below the conduction
band is the exciton band. In a matrix of scintillator,
allowed energy levels may be present between the valence and
conduction bands due to impurities. Activator atoms such as
Thallium are impurities purposefully introduced into a
scintillator crystal matrix in order to create such additional
energy levels.63
Visible light scintillations are created by radiation
passing through the scintillator matrix and concurrently
63Tsoulfanidis, N. Measurement and Detection of
Radiation., New York: Hemisphere Publishing, 1983 pp. 196-
197.
56
raising electrons to the conduction band, creating electron-
holes in the valence band. The radiation may only impart
enough energy to raise an electron to the exciton band, such
that the electron and its valence-band hole remain
associated.6
After electrons are excited to various energies,
electron-holes migrate and ionize activators; later, freed
electrons "drop into" the ionized activator.65  The
scintillator emits light primarily due to electronic
transitions involving excited and ground activator states,66
when such emissions are quantum-mechanically allowed. When
unwanted impurities present excited states which cannot
undergo transitions to the ground state, additional energy is
often necessary to further excite an electron prior to de-
excitation to the ground state. This slow process, which is
known as phosphorescence and contributes to background
"afterglow, " 67 reduces the conversion efficiency of the
scintillator and generates "noise."
Energy resolution from scintillators is made possible
since the amount of energy deposited within the scintillator
64Tsoulfanidis, N. Measurement and Detection of
Radiation. p.196.
6 5Knoll, G.R. Radiation Detection and Measurement. p.
255.
6Tsoulfanidis, N. Measurement and Detection of
Radiation. p. 197.
67Knoll, G.R. Radiation Detection and Measurement.
p.256.
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is dependent upon the energy of the incident radiation; the
greater the energy deposited, the greater the number of
visible photons emitted during electronic transitions of the
activator atoms. The visible light output from a scintillator
must be converted to an electronic signal. This is
accomplished via a photomultiplier (PM) tube.
Visible photons from the scintillator impinge upon the
photomultiplier's cathode, which liberates free electrons.
Freed electrons are accelerated through steps of potential
difference across electrodes termed dynodes; for each dynode
transition the number of free electrons is increased due to
free electrons colliding with atoms of the dynode. The last
dynode, which is the anode of the PM, yields a negative pulse
as a large surge of free electrons (current pulse) passes it.
In summation, the scintillator light output affects the number
of initial PM free electrons, which subsequently affects the
size of the output pulse.68
2.5.4 Liquid Scintillation
For detecting low levels of tritium, liquid scintillation
offers the advantage that the radiation emitter can be
directly suspended within the scintillation material. Such
geometry assures that emitted radiation must immediately pass
through the scintillation material, thus leading to increased
counting efficiency over solid scintillators. This is
6Tsoulfanidis, N. Measurement and Detection of
Radiation. p.197.
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particularly important for tritium, which emits very low
energy (0.0186 MeV) beta rays that have limited penetration
ability and therefore lose significant energy while passing
through the casings of solid inorganic scintillators.
2.5.5 Noise Considerations
The ability to accurately measure any number of radiation
interaction pulses or "counts" is dependent upon the rate of
such counts in relation to the background or "noise" counts.
In general, the lowest resolvable count rate is usually of the
same order as the rate of noise counts.
Background or "noise" can be generated in GM tubes via
thermionic emission and the presence of emitting isotopes
other than those emitters which are in question. Since GM
tubes do not offer energy resolution, all noise and actual
data counts are present with equivalent pulse amplitudes.
Scintillators are also dependent upon noise restrictions;
however, since scintillators offer pulse size resolution,
noise can be represented as a function of pulse size. Since
pulse size correlates with energy, this functional
representation offers a reduction in effective noise by
rejecting all pulses (including noise pulses) which are not
within a specified energy range for a given emitter. Such a
pulse rejection is analogous to an increase in signal-to-noise
ratio by a reduction in noise rather than an increase in
signal. One of the primary goals contained herein is to
experimentally determine whether GM tubes (which generally
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offer high efficiency for signal conversion and large noise)
or NaI scintillators (which generally offer relatively low
conversion efficiency and resolvable noise) offer greater
signal-to-noise when monitoring 4'Ar effluent.
2.6 Basic Hydrogen Chemistry -- Tritium Effects
Atmospheric hydrogen occurs in essentially two forms,
which are diatomic hydrogen molecules [HH] and water vapor
[HHO] molecules. Diatomic hydrogen can be combined with
oxygen at atmospheric temperature to form water in the
atmosphere due to stoichiometric abundance of oxygen, or more
readily in the presence of an appropriate catalyst such as
Palladium or Platinum.69
Since Tritium is an isotope of hydrogen, it will occur
atmospherically in the same manner as naturally occurring
hydrogen, which yields the [HT] and [HTO] molecular species of
airborne atmospheric effluents.
2.6.1 Dessiccant Traps
Dessiccant traps are widely used to absorb moisture in
chemical applications. The separate quantities of atmospheric
[HTO] and [HT] can be isolated from an effluent sample by
passing the sample through dessiccant traps to absorb any
[HTO] present. After leaving such traps, the effluent stream
can be passed over a catalyst which converts [HT] to [HTO].
6 9Griesbach, 0. and J.R. Stencel. The PPPL Differential
Atmospheric Tritium Sampler (DATS). Princeton: Princeton
Plasma Physics Laboratory.
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The stream can subsequently be passed over additional
dessiccant traps for collection of the CHTO] manufactured from
[HT]. By arranging the collection of tritium effluent in this
manner, it is possible to produce a relatively accurate
differential analysis of atmospheric tritium.
2.6.2 Water Traps
Tritium in the [HTO] form behaves in the chemical sense
in a manner almost identical to [HHO]. It may be collected
via bubbling through a water column (trap) with little effort.
The mechanism of collection is exchange of airborne [HTO]
molecules for liquid CHHO] molecules, and may be understood in
terms of concentration gradient diffusion, solubility of polar
molecules (HTO) in polar solvents (HHO), and in terms of the
self-ionization of water which allows hydrogen gas to interact
with hydroxyl groups to form new water molecules in the
presence of liquid water:70
1 H2 + 0H- - H2 0 + e~ where m2 9 =0.828 volts (33)
2
Since the assessment of airborne effluents is in general much
more difficult (e.g.: not well documented, with much
monitoring variation within the radiation protection
community) than liquid effluents 71, the relative magnitudes
of each of the mechanisms for tritium collection (in a water
70Moeller, T. Inorganic Chemistry. p.497.
7 Kelly, J.J. Effluent and Environmental Radiation
Surveillance. Philadelphia: American Society for Testing and
Materials., 1980., p. 110-111.
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bath) are not accurately known.
Multiple water traps, arranged in series, can be used to
increase the effectiveness of tritium collection. The total
activity collected in all traps is simply the sum of the
activities collected in each of the individual traps, as given
below:
n
A = A (34)
i-1.
where A is the total activity collected, i is the index
of the collection traps, and A is the activity collected
within the ith trap.
Whether successive water traps increase tritium collection
efficiency via a linear or exponential model is somewhat
uncertain, yet a linear model does seem to fit the limited
data available.72
For a set of equally-sized water traps arranged in
series, the primary assumption is a constant relationship
between successive traps in terms of the amount of activity
collected. Consider a system of four traps in series. The
amount of activity collected by the third trap can be
expressed as:
72F.F. McWilliams,MIT Reactor Radiation Protection
Officer, personal interview., May, 1990.
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A3  = ( ) A2 (35)Al
where the activities are as described for equation (34).
The quantity (A2/Al) is the ratio of the activities collected
within the second and first traps. This initial ratio is the
primary concern of the linear model, since it is used to
express the activity collected in each trap. As an example,
the activity collected in the fourth trap is predicted as:
A4  = ( 2-) A3  = (-2) ( ) A 2  (36)
Al Al Al
A simple mathematical series expression can now be generated
to represent the relationship among the traps and the total
activity collected (by combining equations (34) and (36)):
n2 n A
A = Al + A = A, + (2 ) '-2)A (37)
i=2 i=2 A1
Apparent from this expression is the result if (A 2/Al) c 1:
in this case, the series given in equation (34) may be
approximated very well by the first two terms:
A " Al + A2  (38)
i=1
In other words, if the ratio (A2/A,) is much less than unity
(- 0.01), then two traps will be sufficient to capture the
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majority of airborne tritium effluent.h
2.6.3 Differential Analysis: Dependence upon Catalyst
Differential analysis which assesses the relative
populations of the physical states is made possible by the
catalytic action of a Platinum catalyst. The platinum
(Platinum, Palladium, etc. 74) metals have, in general,
"excellent catalytic properties." 75  Platinum in particular
is an excellent oxidizing agent due to its very negative
oxidation potential ( 2 9 8E* = -1.2 volts for liberation of 2
electrons)76 for forming Pd2+ cations. Since Platinum "shows
no reaction with oxygen, "77 its catalytic activity for the
combining of oxygen and hydrogen78 must begin with hydrogen.
Indeed, such reactions are commonly manipulated in order to
combine diatomic hydrogen [HH] with diatomic oxygen [00] to
form water [HHO] in Boiling Water Reactor (BWR)
applications.79
7 3F.F. McWilliams, MIT Reactor Radiation Protection
Officer., personal interview, May, 1990.
74Moeller, T. Inorganic Chemistry. p. 888.
75Moeller, T. Inorganic Chemistry., pp. 888-889.
76moeller, T. Inorganic Chemistry. p.889
77Moeller, T. Inorganic Chemistry. p. 888.
78Griesbach, 0. and J.R. Stencel. The PPPL Differential
Atmospheric Tritium Sampler. Princeton: Princeton Plasma
Physics Laboratory.
79Glasstone, S. and A. Sesonske Nuclear Reactor
Engineering. New York: Van Nostrand Reinhold Co., 1981. pp.
601-602.
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Airborne concentrations which are determined using
volumetric sample flow standards are dependent upon the
effects of compressibility. Fluid samples drawn through
conduit having variable cross-sectional area and resistance
will respond via velocity changes. Fluid velocity directly
affects fluid static pressure. Static pressure is the primary
variant of compressible flow. To assess the effects of
compressible flow upon effluent sampling, pressure variations
(and hence density via equation (11) when density is equal to
nm divided by v,) must be accounted for according to:8 0
P- - [1 + (Y-l) M 2] [ (y1) (39)
p 2
where p0 is the stagnation pressure, p is the static
pressure, v is the local fluid speed, c is the speed of
sound in the fluid, M is the Mach number, and y is as
defined in equation (13).
Pressure and density corrections are cumbersome at best, as
evidenced by equation (39), when an attempt is made to
reference' volumetric flow rates to a standard.
Standardization of sample streams via mass flow represents a
relatively simple alternative; moreover, since some mass
meters display flow (for air) in units of volumetric flow at
some standard reference state, volumetric flow rates are
80Fox, R.W. and A.T. McDonald. Introduction to Fluid
Mechanics. 3rd. ed., New York: John Wiley & Sons., 1985. p.
578.
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readily available for concentration calculations.
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CHAPTER 3
EXPERIMENTAL PROTOCOLS
3.1 Introduction
Determination of the best inexpensive method to monitor
low airborne concentrations of 41Ar and 3H is the goal of these
experiments. The protocols which detail the experiments
include the pre-experimental assumptions, experimental
approximations, presentation of apparatus via descriptions and
figures, and technical analyses which were utilized during the
experiments.
3.2 4Ar Detection Experiments
41Ar detection experiments were carried out at the M.I.T.
Reactor. The parameters purposefully varied for 41Ar mock
detection schemes included the type of detector and the volume
of the monitored sample; however, the initial concentration of
the 41Ar sample also varied according to its production. The
Ar was produced due to neutron (n,y) reactions on naturally
occurring 40Ar atoms within the reactor's thermal column. This
is the same production method as will occur within the Alcator
C-Mod experimental cell. All 41Ar samples were drawn from the
M.I.T. Reactor's exhaust trunk.
3.2.1 "Ar Pre-Experimental Assumptions
The 4Ar samples removed from the reactor's thermal column
were assumed to contain only one type of effluent, 4'Ar, within
67
five minutes after they were taken. This means that all other
effluents which may have been produced within the air (due to
thermal neutron flux) were assumed to have such short half-
lives that any activity formed decayed away within 5 minutes
of sample acquisition. This assumption is more critical for
detection schemes which utilize GM tubes rather than
scintillators. Due to the energy resolution of scintillators,
most radiations originating from background and other
effluents can be distinguished from the 41Ar effluent
radiation. Radiation due to other effluents which is detected
with a GM tube will alias as 41Ar effluent.
The pre-experimental assumptions for the 41Ar monitoring
system are exceptionally important. For GM detection tubes
the effective unshielded background noise level was initially
assumed to be several hundred counts per minute, depending
upon the size and shape of the tubes; however, for standard
2.5"-diameter scintillators, background was initially assumed
to be approximately two hundred counts per minute within the
41Ar energy window. With lead shielding introduced, the
background levels were assumed to drop to about 100 counts per
minute for GM tubes (depending upon the size and orientation
of the tube) and approximately 10 counts per minute (41Ar
"window") for scintillators.
These assumptions were crucial for the utility comparison
of GM tubes and scintillators since in the absence of actual
background data they would be used to determine the ultimate
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design parameter: lowest level of concentration detected
(actually resolved). Actual background estimates were made
for the most promising of each class of detection scheme. The
results of these actual background measurements are discussed
in chapters 4 and 5.
3.2.2 "Ar Experimental Approximations and Procedures
During each sample collection a small calibration
container (310 mls) was placed in series with the detection
volume in the sample acquisition line. This size container is
used regularly at the reactor for highly calibrated
determinations of gaseous effluent concentrations. After the
completion of sample acquisition, this small container was
placed upon a Germanium-Lithium (GeLi) scintillation crystal
to determine the "Ar concentration within it to a high degree
of accuracy. The GeLi crystal was calibrated (by a member of
Reactor Radiation Protection Office) to account for geometric
and energy (transmission) loss of radiation counts.
Effluent sample was continuously drawn into the sample
acquisition line via a small pump and concurrently discharged
into the reactor's exhaust trunk for a period of approximately
three minutes. This supported the assumption that all air
which was previously within the sample acquisition line was
replaced by effluent sample. Following this three minute
period, the supply and discharge ends of the sample
acquisition line were connected such that the effluent
circulated throughout the newly-enclosed sample acquisition
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circuit for a period of three minutes. This was done to
support the assertion that the effluent concentration was
uniform throughout the closed sample loop. After the second
three minute period, both the detection volume and the 310 ml
calibration volume were quickly and simultaneously removed
from the closed sample acquisition circuit and sealed to
prevent loss of effluent due to diffusion. The primary impact
of these approximations is that the initial concentration
within the detection volume can be assumed to be equal to the
calculated concentration of the 310 ml sample.
The 41Ar monitoring systems which utilized scintillators
were limited by the initial experimental approximation that
all background noise was due to sources external to the
crystal, and therefore the stated level of shielded background
count rate could be easily attained. This limitation will
again appear in the design considerations of chapter 5. For
the systems which used GM tubes, a similar initial
approximation concerning the source of background was made.
3.2.3 Presentation of 4'Ar Sampling and Monitoring Apparatuses
A universal schematic of the 4'Ar sample acquisition
systems is attached as figure 3-1. The major components are
the detection cylinder, the calibration volume, the
particulate filter, the circulation pump, rubber hose and a
power supply.
A schematic of the 4'Ar monitoring systems which utilized
GM detectors is shown in attached figure 3-2. A similar
70
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schematic for the monitoring systems which utilized
scintillators is given in figure 3-3. The major components of
the GM monitoring system include the monitoring volume, the GM
detector, and the (Esterline Angus synchronous) chart
recorder. The scintillation monitoring systems utilize a
crystal scintillator, a PM tube, a dc power supply, a pre-
amplifier, amplifier and a calibrated multi-channel analyzer
(MCA).
The various sizes and geometries of the '1Ar detection
volumes are included in attached figures 3-4 and 3-5. Figure
3-4 demonstrates the monitoring volume geometries (as well as
the size and location of the detectors) which were utilized
for GM tube experiments, whereas figure 3-5 details the same
information for detection schemes which utilized scintillation
crystals.
3.3 3H Detection Experiments
Tritium detection experiments differed largely from 4TAr
experiments since the primary obstacle for tritium effluent
assessment is the accurate collection of sample. Three types
of tritium effluent collection were considered. These were
dessicant traps, moisture replacement traps (which are
colloquially referred to as "solubility" traps) , and direct
cold traps. The primary experimental runs involved dessicant
and solubility traps which were used during concurrent
operation of parallel sampling systems. Direct cold trapping
of airborne effluent was attempted in concurrent operation
73
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with dessicant traps and again with solubility traps.
3.3.1 Tritium Pre-Experimental Assumptions
The single most important assumption which was necessary
concerned the M.I.T. Reactor facilities. As effluent sample
was drawn necessarily from the reactor Equipment Room for
experimental periods ranging from 1 hour to more than 1 day,
it was necessary to assume that the airborne effluent
concentration within the Equipment Room was constant during
the aggregate sampling period. This assumption is
qualitatively justified for the following reasons:
i) The airborne tritium source is believed to be
primarily seepage from around pump seals within the heavy
water reflector.
ii) Reactor power level was virtually constant during
sampling experiments due to a concurrent reactor coolant
corrosion experiment.
iii) When reactor power is at a constant level, the
pressure within the heavy water systems can be considered to
be relatively constant. Constant pressure is believed to be
responsible for a virtually constant seepage of tritium from
the neutron reflector system.
iv) When production of airborne effluent is virtually
constant, an equilibrium concentration is reached as removal
of gas from the Equipment Room is accomplished at a virtually
constant rate.
The second major assumption which was necessary concerned
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the dessicant trap version of effluent sampling. In order to
quantitatively assess the amount of effluent sample which was
collected, dessicant which was to be used for effluent sample
traps was baked for 24 hours at 500 degrees Celsius (C) and
allowed to cool in a sealed container before it was included
in such sample traps. This procedure was assumed to liberate
all excess moisture from the dessicant which could possibly be
removed at 500 C, such that subsequent effluent trapping would
be maximized by dry dessicant. The third pre-experimental
assumption regards the direct cold trap method of sample
collection and the cold traps which were used to collect and
condense tritium samples released from dessicant traps during
baking at 500 C.
Cold traps are glass enclosures which utilize extremely
low temperatures to condense virtually all moisture in an air
stream within the trap. All cold traps used were maintained
at a temperature of approximately -78.5 C (-109 F) by cooling
with dry ice (solid C0 2 ) within a dewar. Since the flow rates
through the cold traps were moderate in all cases, it was
assumed to be very unlikely that the air would be cooled to -
78 C by the trap before it was exhausted. A much more
conservative estimate of the temperature reached by the air as
it passed through the cold trap was estimated to be -20 C (-
4F).
For direct cold trap sampling this temperature
corresponds to a reduction from room temperature (-68 F) to -
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20 C. For sample recovery from dessicant traps, the air drawn
out of the oven through glass and rubber tubing was assumed to
cool to room temperature within the rubber tubing before it
entered the cold trap. This assumption was justified by
measuring the temperature of the tubing as being equal to room
temperature within 4 inches from the oven discharge; moreover,
the total length of tubing used to connect the oven discharge
to the pump and subsequent cold trap was approximately 2 feet.
This length of tubing was assumed to allow ample cooling of
the gases removed from the oven. Thus the cold trap was
assumed to be cooling air from room temperature to -20 C for
both direct sample acquisition and dessicant sample recovery
applications.
Justification of an assumed 95% efficiency by the cold
traps relies upon vapor pressure calculations. The vapor
presssure at a -78 C for aqueous vapor over ice is 0.00056
mmHg, whereas the aqueous vapor pressure over water at 20 C is
17.535 mmHg. These significant points indicate that if the
air drawn into the trap was cooled to -78 C, virtually 100% of
the moisture carried by the air would necessarily condense.
The aqueous vapor pressure above ice (at 20 C) is 0.776 mmHg.'
The quotient 0.776/17.535 is 0.0443, and as such it can be
assumed that any saturated water vapor at approximately 20 C
which enters a cold trap (as described herein), must condense
1Weast, R.C. et. al. CRC Handbook of Chemistry and Physics.
p. F-261.
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at least ((1 - 0.0443)*100) percent of its moisture (~95%).
3.3.2 3H Experimental Approximations and Procedures
Can removal of the trapped effluent sample from the
dessicant (at 500 C) be quantitatively assessed via mass
measurements? By conducting both the pre-experimental drying
of the dessicant and the sample collection "bake-out" at 500
C, it was assumed that quantitative assessment of sample
recovery from the dessicant could be accomplished based upon
the volume (mass) of moisture recovered via condensation and
the differentially-measured moisture mass released from the
dessicant. For 100% sample recovery, each gram of moisture
released from the dessicant must result in a 1 ml sample
recovered via condensation. To prevent loss of effluent
sample, the oven which was utilized for sample bake-out was
insulated. Glass wool insulation was used to fill all oven
orifices to try to maintain sample and prevent air from
entering the oven except as allowed by a specific glass tube.
This tube led air into the oven after it passed through a
large jar of dessicant. It was assumed that this air intake
flow pattern would be maintained by a vacuum pump which drew
approximately 1.5 liters of air per minute from the oven via
a second glass tube and tygon tubing. Deep penetration of
this second glass tube within the oven, allowed one end to be
positioned directly above the dessicant being baked. This
position, in conjunction with the 1.5 liters per minute flow
rate led to the approximation that all moisture released from
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the dessicant would be passed through the cold trap, which was
on the suction side of the pump (See figure 3-6).
Procedures for the engagement of "solubility" collection
of tritium at the M.I.T. Reactor were as follows: (Both
solubility and dessicant recovery experiments were run
concurrently.)
i) The sample collection system was assembled within
the M.I.T. reactor's primary chemistry experimental area, as
shown in subsection 3.3.3.
ii) The assembly was inspected and verified by the
reactor radiation protection officer, F.F. McWilliams.
Particular attention was paid to ensure that experimental
discharge was to the primary chemistry exhaust hood, while all
cracks and all sealed connections were inspected to avoid
leaks.
iii) Initially, the primary chemistry air valve (used
for bleed air) was completely closed, while the throttle valve
was completely opened.
iv) The vacuum pump was started, and the sample flow
through the system was noted. Desired sample flow was 100 ml
per minute as measured by rotameter. (The procedure for post-
experimental calibration of the actual flow using a mass flow
meter, as previously noted, is discussed later in this
subsection.) The throttle valve was utilized to partially
reduce the sample flow; however, to avoid high vacuum
formation within the system (stressing seals and creating
81
z
L I UJ
00
(7)j
M0-
u.J tn
0 z I <
> .QU.. z -
wi wo0 
-, 
.
Li 0
2: -JZ
LI 0
0 cc
M
leakage), primary chemistry air, as bleed air, was admitted to
the system just prior to the vacuum pump. This was used to
adjust the sample flow.
v) When 100 ml/min sample flow was reached, the
system could be run continuously. Due to the unknown quantity
of atmospheric hydrogen (some of which is tritium), the amount
of heat generated within the catalyst container was closely
monitored for 30 minutes after flow began, at which time a
steady-state temperature was assumed.
vi) After each operational run a small water sample
(1.00 ml) was drawn and the total remaining water was measured
(with a large graduated cylinder) in each solubility trap
following the securing of the experimental apparatus. The
procedures for securing of the experimental apparatus are
provided below.
vii) Each water sample collected was assayed for
tritium content via liquid scintillation.
Procedures for securing the solubility trap apparatus
were as follows:
i) The primary chemistry bleed air intake valve was
closed.
ii) The throttle valve was opened completely.
iii) The system sample feed hose was disconnected from
the Equipment Room after assurance of pump discharge to
primary chemistry exhaust hood.
iv) Primary chemistry air was drawn through the
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system such that all airborne tritium within the system was
either collected within the traps or discharged to the primary
chemistry exhaust hood; a one minute period of duration was
allowed for this function.
v) The pump was secured, including disconnection of
electrical supply.
Procedures for engagement of the dessicant collection of
tritium were:
i) The experimental apparatus was assembled as
designated in subsection 3.3.3.
ii) The assembly was inspected by the reactor
radiation protection officer, with attention again paid to
hoses, seals, and point of discharge.
iii) Primary chemistry air valve (for bleed) was
completely closed, while the throttle valve was completely
opened.
iv) The cylinder valve for the carrier gas and the
two-stage regulator valve were both closed so that there was
no initial flow of carrier gas.
v) The vacuum pump was started, and the system
sample flow was measured by a rotameter. The desired sample
flow was again 100 ml/min. (Post-experimental calibration was
necessary with a mass flow meter.) The throttle valve and
primary chemistry air valve (bleed) were utilized to reduce
the sample flow to 100 ml/min.
vi) The carrier gas cylinder valve was opened
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completely. A two-stage regulator was utilized to reduce
available carrier gas pressure to between 3 and 5 psig.
vii) The flow rates were monitored and adjusted. One
flowmeter was used to determine the sample flow, whereas
another flowmeter was used to determine the carrier gas flow.
viii) Again, the system was monitored for 30 minutes to
assure that heat generated by the catalyst was not excessive.
ix) The tritium was collected differentially. After
a pre-determined elapsed time, the sampling system was secured
and the dessicant was removed for recovery of tritium via bake
and condensation.
Procedures necessary for securing the dessicant sampling
system were as follows:
i) The carrier gas two-stage regulator was secured
by "backing out" the control wheel until the flow of carrier
gas was null. The cylinder valve on the carrier gas cylinder
was also closed.
ii) The valve for primary chemistry air intake
(bleed) was closed.
iii) The throttle valve was opened completely.
iv) The pump discharge was assured to be to the
primary chemistry exhaust hood and the system inlet line was
disconnected from the Equipment Room source.
v) The primary chemistry air was drawn through the
system for one minute, as was detailed for the solubility
system.
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vi) The pump was secured, including disconnection of
electrical supply.
3.3.3 Presentation of Tritium Collection Apparatuses
Schematic representations of the dessicant and solubility
tritium collection systems are presented in figures 3-7 and 3-
9 respectively. Figures 3-8 and 3-10 detail the actual
apparatuses used in successive connection with figures 3-7 and
3-9.
3.3.4 Ancillary Tritium Collection System
A third type of tritium collection system, a direct cold
trap method, was used to acquire tritium effluent samples.
The cold trap method was run in parallel operation with each
of the dessicant and solubility apparatuses in order to make
comparisons among the three methods.
The direct condensation method utilized a cold trap which
was longer and wider than the cold trap used for dessicant
collection, with subsequent bake-out. The schematized version
of this collection method is provided in figure 3-11, with the
actual experimental apparatus shown in figure 3-12. This
afforded increased heat transfer area for the condensation of
airborne [HTO] effluent. The larger cold trap was nestled
within a dewar which was approximately 10 inches deep with an
approximate inside diameter of 3.5 inches. As was the case
for the dessicant bake and condensation system, dry ice was
used as a coolant.
No attempt was made to perform differential ([HTO]/[HT])
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tritium monitoring with the direct condensation method.
Further discussion will be made in chapter 4.
3.3.5 Tritium Flow Calibration -- Technical Analysis
All 3H sample flow values were initially set using
calibrated conventional rotameters. The rotameters were
calibrated using a standard soap-bubble type (Buck)
calibrator. Cumulative pressure drops along the tritium
sample paths were not consistent for dessiccant and water
traps; this limitation necessitated subsequent further
calibration after the data was collected. To accomplish this
aim, both the water and dessiccant sampling regimes were
reconstructed with the exact flows (as measured by
conventional rotameters) which were used for the initial
sample collections. In each new experimental apparatus a mass
flow meter was placed in series with a standard rotameter;
moreover, the particular mass flow meter utilized for sample
stream characterization displayed flow in units of cubic
centimeters (of air) per minute at standard temperature and
pressure (STP). The accuracy of the volumetric flow readings
was increased by measuring the voltage output (0 to 5 VDC
scale) of the display with a sensitive multimeter.
Correlation of air sample volumetric flow values was
subsequently made (- ± 2% for the accuracy of the mass flow
meters) by comparing the flow rate readings for both the mass
flow meters and the conventional rotameters.
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CHAPTER 4
RESULTS AND ANALYSIS
4.1 Introduction
The "Ar results indicate that the NaI crystal
(scintillation) provides the better method of detection,
whereas 3H experimental results suggest the better method of
collecting tritium samples is via dessicant recovery. Results
are outlined for each set of experiments.
4.2 "'Ar Detection Via GM Tubes
The detection geometries (described in chapter 3) which
were utilized for Geiger-Mueller detection of 4"Ar effluent
yielded results which are qualitatively intuitive: The
conversion ratio (ratio of effluent concentration to observed
count rate) of the geometries generally decreased in
conjunction with increases in the size of the detection volume
and the size of the detector. The quantitative measurements
show that for reasonably-sized detection volumes the minimum
conversion rate was 9.7 * 10'9 { (gCi/ml)/(ct/min) }. (Since the
units of the conversion rate are [concentration]/[count rate],
a decrease in the conversion rate corresponds to an increase
in detection efficiency.) With an assumed minimum background
rate of 100 counts/min for GM tubes, the minimum 4Ar
concentration which can be expected to be detected with GM
tube arrangements is 9.7 * 10,7 hCi/ml.
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The conversion ratio was decreased by two orders of
magnitude (see conversion ratios in Table 4-1) when the
experimental apparatus was switched from a small cylindrical
volume with an end-placed "pancake" GM tube to a larger
cylindrical volume with an internally placed GM tube.
Table 4-1: Results of 4'Ar detection experiments with
Geiger-Mueller tubes used for effluent monitoring.
Detector Geometry of Conversion Expected
Type Detection Ratio Minimum
Volume (UCi/ml) Detected
(ct/min) Concent.
(yCi/ml)
3" Dia. 310 ml 8.6 * 10-7 8.6 * 10-'
Pancake cylinder
5.25" long 1 Liter 2.8 * 10-8 2.8 * 10-6
cylinder cylinder w/
internal
tube
5.25" long 37.8 Liter 9.7 * 10-9 9.7 * 10-7
cylinder cylinder w/
internal
tube
7.5" long 37.8 Liter 6.1 * 10-9 6.1 * 10-7
cylinder cylinder w/
internal
tube
The variation of conversion rate (4"Ar monitored with GM
tubes only) versus monitored volume is shown in figure 4-1.
The assumed post-shielding background rate of 100 counts per
minute for GM detectors was determined to be relatively
accurate.
The experimental apparatus which used a 5.25" long GM
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Figure 4-1: Conversion Rate versus
Monitoring Volume for Argon-41 and GMs.
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tube within a 1 liter cylindrical sample produced
approximately 6.3 * 102 counts per minute of background (after
allowing an effluent sample to decay for more than two days)
within the MIT Reactor Radiation Protection Office Counting
Room, which is heavily shielded by concrete for low-level
detection.
Background analysis based upon this data is perceived to
be of great significance since the large amount of concrete
shielding mimics the type of shielding found within the
Alcator C-Mod cell. Such behavior is important to duplicate,
since concrete acts both as a shield and a noise source which
introduces background from 40K and members of the Thorium-
Uranium-Radium decay chain.'
This background rate (6.3 * 102 cts/min) was virtually
constant over a two-day period during which measurements were
continuously recorded with a strip-chart recorder. Lead
bricks were subsequently used to enclose the monitored volume
within a 2" thick shield; however, the background rate was
lowered only to 4.0 * 102 counts per minute. Analysis of this
data points to minute terrestrial and airborne sources of
radiation which are always present, primary and secondary
cosmic radiation sources, and trace amounts of activity within
the GM tube itself.2 Indeed, if all background sources had
been external to the detector itself, and if the
2Knoll, G.F. Radiation Detection and Measurement. pp. 774-775.
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oversimplified situation of a constant cross-section is
assumed for background radiation interactions with lead, it is
easy to deduce that every 2" addition of lead shield would
diminish the background by a factor of approximately 0.64
[(4.0)/(6.3)], thus necessitating 8.3 inches of lead shielding
to reach a background rate of 100 counts per minute.
The cross-sections for high energy background radiation
reactions with lead are lower than for low energy radiations;
moreover, since the sources of background cannot be accurately
assumed to reside solely outside the detector and shielding,
the background count rate of 100 counts/min is probably a very
conservative assumption for Geiger-Mueller detection
apparatuses employed at the Alcator C-Mod experiment.
4.3 4Ar Detection Via Scintillators
Detection of "'Ar using NaI(Tl) crystals with the various
geometries described in chapter 3 produced the results shown
in Table 4-2 below.
Figure 4-2 demonstrates the variation of conversion rate
with monitoring volume for 4Ar effluent which was assayed with
NaI crystals.
It is clear that the use of a Marinelli beaker
successfully increases detection efficiency since this type of
monitoring volume cradles the detector and allows sample gas
to surround the detector (as was actually done for GM
detectors). This geometry increases the solid angle subtended
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Figure 4-2: Conversion Rate versus
Monitoring Volume for Argon-41 & Nal.
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Table 4-2: Results of 4'Ar detection experiments with
NaI(Tl) scintillator crystals used for effluent
monitoring.
Detector Geometry of Conversion Expected
Type Detection Rate Minimum
Volume (uCi/ml) Detected
(ct/min) Concent.
(ACi/ml)
2" Dia. NaI 310 ml 8.3 * 10- 8.3 * 10-6
crystal cylinder
2" Dia. NaI 1 Liter 4.2 * 10-7 4.2 * 10-6
crystal cylinder
2" Dia. NaI 5.4 Liter 3.7 * 10-8 3.7 * 10-
crystal Marinelli
Beaker
by the detector for each point within the monitoring
volume,thus augmenting the availability of the detector to
recognize effluent radiation.
4.4 41Ar Comparison of GM and Scintillators
After referral to tables 4-1 and 4-2 the conclusion can
be easily drawn that a NaI(Tl) scintillation crystal in
conjunction with a Marinelli beaker is the most advantageous
pairing of detector type and monitoring volume geometry.
It is important to note that the beaker which was used could
allow use of a larger 3" diameter NaI crystal even though only
a 2" diameter cystal was used. A larger crystal would have
offered increased detection efficiency.
Since the combination of Marinelli beaker and Nal crystal
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has been determined to be most advantageous, actual background
measurements using such a beaker and a 3" crystal were carried
out within the emergency exit pathway of the Alcator C-Mod
experimental cell.
4.4.1 Alcator C-Mod NaI Background Measurements
In order to design shielding and a complete monitoring
system for "Ar, actual background measurements were made
within the experimental cell; however, in order to ensure a
low level of detectability, a 3" crystal was used to measure
background, since a 3" crystal will theoretically have a
higher background rate than a 2" crystal due to the enlarged
mass of NaI and accompanying 40K impurities. This will provide
a small margin of error for the design calculations of chapter
5, since the conversion ratio was determined using a 2"
crystal.
The margin of error can be understood in terms of
resolution and signal/noise ratio, as described in chapter 2.
The lowest detectable concentration is actually the lowest
resolvable concentration for a given amount of background.
When the conversion ratio is determined using a 2" crystal the
level of signal is underestimated for a 3" crystal design.
When background is measured with a standard 3" NaI crystal, an
accurate initial measurement is made. Upon combination of
these two pieces of data, the initial signal/noise ratio of. a
detector system is underestimated.
Figure 4-3 shows the experimental arrangement for
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background detection measurements made with a NaI detector
within the Alcator cell. The thickness of the lead
surrounding the detector was varied from zero to 6 inches. It
is significant that the entire photomultiplier was shielded in
addition to the crystal. Actual multi-channel analyzer
displays are given in figure 4-4 for the background levels
measured (usually over a live-time collection period of 10,000
seconds).
Figure 4-5 is a plot of the relationship between measured
background levels within the Alcator C-Mod cell (for the
window comprising the "Ar 1.29 MeV decay peak) and the
thickness of lead shielding surrounding both the crystal and
photomultiplier.
Further design considerations for increasing the
signal/noise ratio, and thereby decreasing the minimum
resolvable concentration, are in chapter 5.
4.5 Results of 3H Collection Upon Dessicant
Tritium collection upon dessicant was one method of 3 H
sample accumulation; however, retrieval of the tritium from
the dessicant was necessary prior to assessing the airborne
content.
4.5.1 Dessicant Standardization
A container of "saturated" dessicant was baked and the
loss of mass from the dessicant was determined experimentally
throughout the baking period in order to judge the necessary
baking time for assurance of nearly complete recovery of
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tritium sample in a cold trap. Each mass measurement which
was performed was completed in less than 1 minute, such that
the sample did not re-absorb a considerable quantity while it
was temporarily removed from a 500 C oven. The initial
dessicant was considered "saturated" since it had been exposed
to the room temperature (z20 C) atmosphere of the MIT Reactor
Radiation Protection Office for 1 month prior to bake-out.
Figure 4-6 shows that nearly all of the moisture trapped by
aluminum silicate dessicant was released during the first 2.5
hours of baking. Based upon this result, all dessicant
samples to be discussed herein were baked for 2.5 hours in
order to recover the 3H samples within cold traps.
4.5.2 Flow Calibration Over Dessicant Traps
Although the initial sampling rate of airborne effluent
was designed to be 100 ml/min of air as has already been
discussed, the flow rates were determined to need re-
calibration after the experimental data was collected to
account for the effects of compressibility in fluid flows.
Two different sizes of dessicant traps were used; for most of
the experimental trials smaller dessicant traps (capacity of
approximately 18g of dessicant) were used to collect tritium.
The larger traps (capacity of approximately 145g of dessicant)
were used in later trials to assure that all possible tritium
effluent was being collected (i.e., to prevent premature
saturation of dessicant).
For the lengths of time over which sampling occurred
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Figure 4-6: Bake-out of "Saturated"
dessicant versus time. The ordinates are
values of mass for the combined dessicart
and container. The tare of the. container
was 2 7 .7 04g.
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(maximum 30 hours, 10 mins), the results indicated that the
size of the trap had not adversely affected tritium
collection, and therefore the initial data collected
(utilizing small traps) was significant.
The flow correction factors for the small dessicant traps
was 3.69, whereas for the large dessicant traps it was 6.42.
The actual flow rates for the experimental trials were
determined by multiplying the rotameter flow rate reading by
these correction factors. For example, trials which initially
assumed 100 ml/min sample flow over small traps actually had
sample flows of 369 standard cubic centimeters of air per
minute (SCCM). Table 4-3 describes the dessicant sampling
results for all trials.
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Table 4-3: Experimental results of tritium effluent
collection upon aluminum silicate dessicant. For system
runs, DT=Dessicant in small traps, DL=Dessicant in Large
Traps, S=Solubility, & CT=Direct Cold Trap.
Concentrations are times 10-4 and are in pCi/Lit.
Trial Sample System Dessic. Airborne
# Time Runs Sample Concent. from
Flow Dessicant
(HTO) (HT)
1 1 h DT, S 369 ml/m 4.17 .196
2 6 h DT, S 369 14.47 .242
3 18 h DT, S 369 4.44 .093
4 24.12 h DT, S 369 4.66 .014
5 30.17 h DT, S 369 5.45 .010
6 12.03 h DT, S 369 3.44 .047
7 9.08 h DT, S 369 0.061 .044
8 14.50 h DL, S 738 .0013 .0002
8.42 h , CT NONE NONE NONE
10 3.28 h 5, CT NONE NONE NONE
4.5.3 Airborne Tritium Calculations
In order to calculate the apparent airborne concentration
of tritium [HTO] and [HT] effluents the total amount of air
sample which passed through the traps was determined by
multiplying the flow rate by the amount of sampling time for
each trial. The concentration of both the [HTO) and [HTI
fractions were derived by combining the.gross activity from
each of the 2 traps which were assigned to each fraction.
(This combining procedure was also performed for solubility
recovery.)
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All concentrations which are listed in table 4-3 are
based upon the calibration of the MIT Reactor Radiation
Protection Officer's Liquid Scintillation Counter. The
calibration was:
800 counts/min = a concentration of 1 pCi/Liter
when a 1.0 ml sample is placed
in the counter.
4.5.4 Differential [HTO]/[HT) Analysis
In each of the first eight trials (which paralleled
dessicant and solubility collection of tritium), the
calculated concentration of the [HTO] fraction of effluent was
nearly two orders of magnitude higher than that of the [HT]
fraction. Table 4-4 shows these critical ratios.
Table 4-4: Ratio of [HTO] effluent concentration to [HTJ
effluent concentration as determined by dessicant
collection for each of trials 1 through 8.
Trial # Ratio of [HTO]/[HT]
1 21.28
2 59.52
3 47.84
4 344.82
5 555.55
6 72.99
7 1.396
8 7.23
If these ratios are accurate, then the implications for
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the Alcator C-Mod experiment are significant. The data of
table 4-4 suggests that tritium effluent which is produced in
the [HTO] state (recall seepage from the heavy water system)
remains predominantly in the [HTO] state, with less than 15%
being converted (7 of 8 trials listed) to [HT] effluent. In
addition, 6 of the 8 trials listed suggest that the amount of
[HT] present is less than 2% when [HTO] is the primary form of
production and there is a relatively constant rate of air
exhaust from the production area and the cycling time of the
effluent containment area is relatively long.
The tritium produced at the Alcator experiment will be
contained within the experiment's vacuum chamber. The mode of
production and the degree of containment suggest that the
majority of the tritium produced will be in either the [HT] or
the [DT] form. The significance of this physical state
assumption can be understood in terms of the dose analysis
concerning ingested tritium which was presented in chapter 2.
4.5.5 Effects of the Size of the Dessicant Traps
0. Griesbach and J. Stencel of the Princeton Plasma
Physics Laboratory (PPPL) used between 130 and 150 grams of
dessicant 3 in order to differentially assay tritium effluent.
They have reported that containers filled with this amount of
dessicant are over-sized and are adequate for assaying tritium
for a one-week run time (compared with the approximate one-day
30. Griesbach and J.R. Stencel. The PPPL Differential
Atmospheric Sampler (DATS).
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maximum run times reported in table 4-3) with virtually 100
percent of the [HTO] fraction having been absorbed by the
first [HTO] dessicant trap. According to results noted
herein, virtually all of the dessicant traps (in each run)
absorbed considerable moisture; however, the overwhelming
majority of the activity captured by the two [HTO] traps was
consistently located in the first of the [HTO] traps, with a
similar finding for the two [HT] traps. Although the traps
were sealed upon termination of an experimental run, the
possibility must be suggested that some moisture reached the
dessicant while the traps awaited bake-out and cold-trap
collection.
Justification of the amount of dessicant held by the
traps is complete when considering the shape of the traps, the
volumetric sampling rate, the amount of time that sample
acquisition proceeded, and the consistent collection of more
[HTO] effluent than [HT] effluent. The shape of each
dessicant trap was cylindrical, with an approximate inner
diameter of 5/8 inch. This geometry caused the sample stream
to pass over/through a large amount of dessicant while
traversing each trap. 0. Griesbach and J. Stencel used
approximately 7.25 times as much dessicant in each trap (PPPL
experiments) as was used for these experiments; however, the
majority of the sampling periods noted herein were shorter
than one day, which greatly offsets the smaller volume of
dessicant used.
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The only unresolved issue is whether the increased flow
rate, due to compressible-flow effects upon the sample stream
rotameter, is responsible for carry-over of effluent from the
first to the second [HTO) traps, etc. Since effluent was
retrieved from each of the secondary [HTO] traps, including
the trial which utilized an increased amount of dessicant
(approximately 145g), all dessicant traps are believed to have
been sized large enough to accurately collect tritium effluent
without significant carry-over between [HTO] and [HT] phases.
4.5.6 Quantitative Recovery of Effluent Via Mass
In no case did the amount of moisture recovered from the
cold trap (in mls) equal the amount of moisture which the
dessicant had trapped (in grams). A clear pattern was not
evident to relate such volume of effluent recovered to the
mass of moisture liberated by the dessicant. The initial
experimental limitations, which seem to eliminate definitive
quantitative recovery, are the air intake and the quality of
the oven seals for the bake-out procedure. The intake air was
equipped with a dessicant "moisture filter," which may not
have adequately removed all moisture from the air stream;
moreover, the oven may have allowed air (and its accompanying
moisture) to leak into the oven at places such as around the
door. Although all oven orifices were packed with glass wool
to prevent such seepage, it is entirely possible that air
leakage occurred.
All dessicant which was used for effluent collection was
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initially dried by baking for 24 hours with subsequent cooling
in a sealed container. Other sources of anomalous moisture
may include absorption of moisture from the small amount of
air within the sealed canister during this initial cooling
process.
4.6 Results of 3H Collection Via Water Traps
Tritium was collected within water traps during parallel
operation with both dessicant and direct condensation. The
results of solubility collection are demonstrated in Table 4-
5.
4.6.1 Flow Calibration For Water Traps
Tritium collection data from water traps initially
yielded skewed airborne concentration calculations due to the
same limitations which afflicted the dessicant trap data. The
actual sample flow for water trap collection was 10.42 times
the desired rate of 100 ml/min. The concentrations calculated
for table 4-5 have accounted for this compressibility-based
flow effect.
4.6.2 Water Trap Size & Loss of Moisture
Each of the water traps used for tritium collection was
initially filled with 1000 mls of water. These amounts were
carefully measured with a graduated cylinder. In almost all
cases, following experimental collection of tritium the amount
of water within the traps had changed slightly. The first
(HTO] trap consistently lost approximately 20 mls of water
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Table 4-5: Experimental results of tritium effluent
collection within water traps. All abbreviations and
units are as initially defined in figure 4-3.
Trial Sample System Solubility Airborne
# Time Runs Sample Concentration
Flow from Water
(h) Traps
(ml/min) (HTO) (HT)
1 1 DT, S 1042 103.26 0.4
2 6 DT, S 1042 25.53 1.23
3 18 DT, S 1042 26.01 0.193
4 24.12 DT, S 1042 23.42 0.269
5 30.17 DT, S 1042 24.66 0.017
6 12.03 DT, S 1042 23.90 0.364
7 9.08 DT, S 1042 18.43 0.241
8 14.50 DL, S 1042 20.24 0.023
9 8.42 CT, S 1042 43.85 0.00
10 3.28 CT, S 1042 0.596 0.00
during collection periods on the order of 24 hours. This was
probably due to the air stream not being saturated when it
entered this first trap. For all subsequent traps the volume
of moisture which was lost was very small (approx. 2 mls). In
light of the fact that the lost volumes of moisture were
small, it was assumed that these volumes lacked effluent: The
effluent which remained within the water traps was assumed to
comprise the entire effluent collected. This assumption is
probably accurate to within two percent, which is the
approximate maximum amount (20 mls/ 1000 mls) of moisture
lost.
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4.6.3 Differential [HTO)/[HT] Analysis
The ratio of [HTO] to [HT] for water trap collection of
tritium is given for each experimental run in Table 4-6.
Table 4-6: Ratio of [HTO] effluent concentration to [HT]
effluent concentration as determined by water trap
collection for each of trials 1 through 10. Note that
undefined ratios are due to levels of [HT] not
distinguishable from background.
Trial # [HTO)/[HT] Ratio
1 227.27
2 20.79
3 135.14
4 909.09
5 1428.57
6 65.79
7 76.34
8 878.58
9 undefined
10 undefined
The ratios in table 4-6 support the trend estabished in table
4-4 whereby effluent released as [HTO] remains primarily as
[HTO]. The water trap method of effluent collection tends to
yield higher [HTO]/[HT] ratios than the dessicant trap method,
although both yield ratios which vary by more than two orders
of magnitude.
4.7 3H Comparison of Dessicant & Solubility Collection
The higher calculated [HTO] effluent concentration is the
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best criteria for judging whether dessicant or water
solubility collection is most effective at effluent
collection. Table 4-7 is a listing of the ratios of
calculated [HTO] concentrations for dessicant and solubility
collection.
Table 4-7: Ratio of dessicant-based to solubility-based
[HTO] concentrations for trials 1 through 7.
Trial # [HTO d,,,, n, / [HTO]X,1ubitty
1 0.040
2 0.57
3 0.17
4 0.20
5 0.22
6 0.14
7 0.0033
The ratios shown in table 4-7 clearly suggest that water
trap collection is approximately 5 times as efficient at
collecting effluent; however, this data was collected over
short running times. As the length of effluent collection
becomes longer (e.g. 1 week or more) the loss of moisture from
the primary [HTO] trap will cause loss of effluent and
erroneously reduce calculations of airborne effluent
concentration. This statement is made in light of the fact
that the amount of water lost from the first [HTO) trap was
found to be directly proportional to the length of the trial
run and also upon MIT Reactor Radiation Protection Office
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experience with water trap collection.
The more suitable tritium collection apparatus for the
MIT Alcator C-Mod experiment is the dessicant recovery system,
since it can easily be run continuously for periods of over
one week in duration with proper sizing of the dessicant
traps.
4.8 3H Direct Cold Trap Results
Two trials were attempted for comparison of direct cold
trap effluent collection to solubility collection. The
results of direct cold trap collection were not promising for
applications.
Both of the trials which used cold traps encountered the
same problem: Cold traps tend to condense large quantities of
liquid from air. The constituents of this liquid were
difficult to determine since complete evaporation consistently
occurred as soon as the liquid was removed from the cold trap
for assay or when the cold trap was allowed to slowly warm to
room temperature. Conjecture is that other trace gases from
air are initially condensed with moisture vapor. These gases
may subsequently evaporate easily upon warming and carry off
any moisture vapor collected.
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CHAPTER 5
DESIGN APPLICATIONS AT MIT-PFC
5.1 Introduction
The target of this chapter is the design of systems which
monitor 41Ar and 3H airborne concentrations based upon the
findings presented in chapter 4. The design of each system
will be considered independently. Design of the 41Ar detection
system utilized a powerful computer software program called
Monte Carlo Neutron Photon' (MCNP), which is used to calculate
energy-dependent neutron and y fluxes (from a statistical
model) in any 3-dimensional configuration, given an input
source specification.
5.2 "1Ar Monitoring System Designs
The 41Ar monitoring system can be subdivided into
essentially two categories, a sampling system and a detection
system.
5.2.1 4"Ar Sampling System
The sampling system major components include an effluent
stream probe, a pump for removing and returning the sampled
air to the exhaust duct, a detection volume (refer again to
figure 3-3) a flowmeter, a throttling valve and associated
'Breismeister, J.F. MCNP - A General Monte Carlo Code for
Neutron and Photon Transport., version 3A., Los Alamos
National Laboratory, Los Alamos, New Mexico 87545.,
September, 1986.
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piping. The single circular probe is located at the center of
a horizontal section of the test cell 24" by 12" exhaust duct.
The probe is the point at which a continuous supply of
representative effluent sample is obtained. The sample is
transferred to the detection volume via the system's pump and
associated piping. After passing through the detection
volume, effluent sample is returned to the exhaust duct at a
position downstream of the sampling probe. The sampling
system will also contain a filter to remove particulate matter
and sources from the air prior to detection.
The sampling system is designed for laminar flow of
effluent through the system's piping. Laminar flow is
generally maintained for conditions of Reynolds number (Re)
less than 2.3 * 103.2 (The Reynolds number is the ratio of
the inertial and viscous forces within a flowing fluid.)
Initial calculations regarding the type of flow within
the exhaust duct yield a Reynolds number of 1.1 * 105. This
is a strong indication that the flow within the duct is
turbulent. According to appendix A.3 of the ANSI Guide to
Sampling Airborne Radioactive Materials in Nuclear Facilities,
as the degree of turbulence (e.g.: Reynolds number above 4 *
103) increases for flow through a duct, the velocity profile
becomes much more uniform. Sampling near the center of the
stream which has a nearly uniform velocity profile tends to
2Fox, R.W. & A.T. McDonald. Introduction To Fluid
Mechanics. p. 40.
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increase the probability that the samples taken are truly
represenative of the flow through the duct. This is
particularly important in this design application, since air
is removed via two ducts from the test cell, one at
approximately ground level, and one at a much higher level in
the test cell. These two ducts may intake air with slightly
differing radioactive concentrations before joining to the one
main exhaust duct, moreover, since the sample is taken as far
downstream from the mixing of the two feeder ducts as
possible, there is an excellent probability that samples taken
are accurately representative of the actual exhaust.
Isokinetic sampling is critical for particulate rather
than gaseous effluent monitoring. Since this system is
concerned only with gaseous sampling, isokinetic (velocity of
sample entering the probe equal to velocity of airstream being
sampled) velocity restrictions at the intake are not necessary
for this sampling stream.
An additional assumption concerning the stack flow is
that the flow is incompressible. This assumption will also be
applied to the sampling stream. It is possible to show that
for Mach numbers less than 0.3, air flow is essentially
incompressible.3  The Mach number for the stack flow is
apporximately 0.02, and incompressible conditions are well
justified.
3Fox, R.W. & A.T. McDonald. Introduction to Fluid
Mechanics. chapter 6.
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5.2.2 41Ar Sampling System Design Constraints
Since the effluent concentration is reduced by both
mixing (i.e., dilition) and radiological removal, the system
must be able to sample the effluent within approximately two
minutes in order to be within 5% accuracy. Additionally, the
system must be able to sample the flow and maintain constant
density, since density changes affect the amount of effluent
exposed to the crystal and therefore cause errant values of
concentration to be measured. The third consideration for
design is that the system must maintain as close as possible
either completely laminar or turbulent flow, since head loss
calculations for transitory flow are prohibitively difficult
to estimate.
To maintain incompressible flow (M < 0.3), the sample
velocity must remain less than 94 meters/sec. To maintain
laminar flow in 1" nominal copper pipe (I.D. = 0.822") the
sample velocity must remain less than 1.65 m/s.
It is important to note that these constraints are in
opposition. The constraints imposed by concentration decay
place a lower limit on sampling velocity. The constraints of
incompressible and laminar flow place upper limits on sampling
velocity, with the laminar flow restriction taking precedence.
The variation of Reynolds number throughout the entire
sampling system as a function of sampling velocity is not as
simple to estimate as either of the first two constraints.
Essentially, the system design requires choosing the necessary
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pipe sizes and pump characteristics to satisfy all of these
requirements.
5.2.3 41Ar Sampling System Head Loss Calculations
It is common practice to express fluid flow in terms of
energy per unit weight, rather than energy per unit mass.
Head loss is the amount of energy lost per unit weight of
flowing fluid, hence the usual dimensions of feet of fluid, or
inches of mercury, etc. Head losses can be divided into major
and minor losses. Major losses refer to energy lost along
straight sections of piping, whereas minor losses refer to
energy losses due to flow through fittings and major elements
within a system, such as the monitoring chamber in the 41Ar
detection volume.
Head loss calculations for major losses are found by
using the following formula for laminar flow 4:
h = (64) LTA (40)
Re D2
where L and D correspond to the length and internal
diameter of straight piping, and v is the average flow
velocity.
Minor losses, however, are not as simple to estimate.
Usually, empirical data are used to estimate minor losses for
fittings. Minor loss data are presented in the form of
equivalent lengths of straight pipe and loss coefficients.
4Fox, R.W. & A.T. McDonald. Introduction to Fluid
Mechanics.
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Head losses which are due to fittings given with equivalent
lengths are calculated in the same manner as major losses,
whereas minor losses which are expressed via loss coefficients
are estimated via the following formula:5
= KV 2  (41)
2
where K is the loss coefficient specified.
After compiling many tentative sampling systems and
producing iterative solutions of head loss calculations, a "
nominal copper pipe was chosen as the conduit of the sampling
system.
The overall system will have offsetting gravitational
energy terms, and these will be neglected. The major head
loss arises from approximately 44.25 feet of straight piping
within the system. The major loss for this pipe is:
h, = 323 f v 2  (42)
where f is the friction factor, equal to 64/Re for
laminar flow.
Minor losses can be estimated for various fittings and
are as given in table 5-1.
With a total system volume of 0.88 ft3 and the above
5Fox, R.W. & A.T. McDonald Introduction to Fluid
Mechanics.
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Table 5-1: Minor loss expressions for various fittings
in the "Ar sampling system.
[Fitting Type Loss Expression, hmin
Sampling Probe, 0.075 v2
Straight Section
Sampling Probe 8 f v2
Round Section
90 deg. elbows 180 f V2
Unions 14 f v2
Open Throttle Valve 170 f v2
Flowmeter 300 f v2
Pre-Filter 0.7 v2
Detection Volume 0.75 v2
expressions for head loss, a pump can be selected to overcome
the inherent head losses. This pump, however, must also be
chosen to satisfy the incompressible flow, laminar flow and
minimum sampling velocity requirements. A Gast pump model
0522-v3-Gl8DX has performance characteristics which suit the
system requirements well.
For such a pump, sampling velocity for 5% decay accuracy
corresponds to 9.23 * 10-3 inHg head loss, while the velocity
for 1% accuracy corresponds to 0.05 inHg head loss. Both of
these values are at the extreme low end of the pump's head
capability, and at such a head loss the system flow rate is at
least 3.25 ft 3/min, which is well above the necessary flow
rate for 5% accuracy.
The assumption of incompressible flow is justified since
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the maximum pump flow rate is 4 ft3/min, which corresponds to
a sample velocity of 5.5 m/s and a mach number much less than
0.3. Laminar flow of sample is assured when velocity is less
than 1.65 m/s; however, a flow rate of 3.25 ft3/min yields an
average velocity of 4.47 m/s, which is above the laminar
restriction.
For fully developed laminar flow the centerline velocity
can easily reach twice the average flow velocity. With this
in mind, the system is operated more accurately at a flow rate
of approximately 0.5 ft 3/min, which corresponds to a mean flow
velocity of 0.69 m/s, and a probable centerline maximum
velocity on the order of 1.4 m/s. Since 1.4 m/s is slightly
less than the 1.65 m/s upper limit for maintenance of laminar
flow, the assumption that the entire sampling system can be
operated under laminar conditions is justified.
A flow rate of 0.5 ft 3/min also satisfies a first order
approximation for the necessary flow rate to maintain 5%
accuracy of concentration.
Adjustment of the flow rate will be accomplished by
partial closing of the throttle valve. In a mathematical
sense, this corresponds to increasing the head loss expression
for the valve above the value listed in table 5-1.
5.2.4 Design of Shielding for 41Ar Detection Volume
Although lead shielding has already been investigated for
the elimination of building background from the system's
detector, another source of "noise" during the detection of
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effluent sample is the occurrence of additional pulses or
shots of the tokamak reactor. The tokamak experiment
liberates large neutron fluences, and neutron interactions
with building materials may yield additional sources of y
radiation. To verify that additional noise due to neutron
fluence will not adversely affect the counting statistics
already discussed, cadmium shielding can be added to the lead
shielding for the detection volume. MCNP was used to estimate
the noise due to a neutron pulse if a 0.125" outer layer of
cadmium surrounds a 6-inch thick lead shield.
The neutron fluence within the experimental cell's
emergency exit pathway was estimated (using a software routine
called ANISN) by Catherine Fiore, Ph.D. The results of this
model were used as input to an MCNP model of the shielded
detection volume. The volumes of lead and cadmium shielding
were artificially split into many pieces for the MCNP
shielding calculations. This was necessary to achieve
relatively uniform populations of neutrons throughout the
pieces of the shielding and to yield favorable statistical
accuracy from the MCNP output. An additional significant note
is the use of a "forced collision card" for the MCNP routine.
Since MCNP is a statistical account of neutrons and photons,
forced collisions are accounted for by change in a particle's
weight.6 For a complete discussion of the importance of these
6Breismeister, J.F. MCNP - A General Monte Carlo Code
for Neutron and Photon Transport. version 3A.
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terms for the MCNP estimation of shielding effectiveness, see
the MCNP manual by Judith F. Breismeister, available from Los
Alamos National Laboratory.
The neutron source for the MCNP model was a sphere of 50
cm radius. The results of the most significant MCNP model
began with 202,441 starting particles. For this number of
starting particles a total of 245 ys were created within the
1.00-2.00 MeV window, which corresponds to a 1.2 * 10- ratio.
The total number of photons which entered the NaI detector
volume was approximately 5600 for 946,080 photons created.
This corresponds to a ratio of 5.91 * 10-.
The track length photon tally (type 4) for the volume
occupied by the NaI detector itself yielded 2.57 * 10"7 ys/cm2
per starting particle for the energy window of 1.25 to 1.33
MeV. When the correction factors of 2.03 * 1012 and 3.89 *
10-6 are used to determine the actual starting fluence in the
emergency exit area, the additional background within the
1.25-1.33 MeV window of the detector is estimated to be 2
counts per second. Therefore, the neutron pulse may lead to
slight increases in the detected concentration for periods of
one second.
An alternative to using cadmium shielding on the outside
of the lead is to simply reject the counting data acquired
during the actual pulse. Rejection of data for one-second
intervals will not adversely affect the accuracy of effluent
detection since the pulses of effluent production will be
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separated by at least 15 minutes.
5.3 Design of 3H Monitoring System
Two primary obstacles must be accepted in the design of
the tritium collection (monitoring) system. The first is that
it is extremely difficult to theoretically estimate the head
loss due to sample flow through a canister of dessicant. This
is due to the unpredictable nature of fluid flow patterns over
small dessicant particles, and the corresponding change in
fluid density with pressure variations. More proper is the
use of empirical experience to choose a pump which will
deliver a desired flow rate. Based upon the size and rating
of the pump used for experimental investigation, a Gast model
0531-102B-347X will probably work well with large dessicant
canisters. This pump has a much smaller capacity than the
pump used in the 41Ar detection system since the desired flow
rate is much smaller for 3H detection. If the flow rate were
as high as the rate for '1Ar detection, the dessicant traps
would become saturated at a very early stage.
In order to monitor the flow rate for this sampling
system, a mass flow meter will be required. This will
eliminate density variation effects which were prevalent upon
rotameters in the experimental apparatuses.
The second obstacle is the use of a carrier gas within
the experimental cell. Carrier gas is stored within a metal
gas cylinder. The strength of the steel which comprises most
gas cylinders may vary depending upon the amount of neutron
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flux which is captured by the cylinder's metal. It is deemed
safest to avoid any possibility of tank rupture by not using
a carrier gas. At first sight this may seem unreasonable, but
the fact that is that a carrier gas is only necessary when the
majority of the tritium is expected to be initially in the
[HTO] form. The carrier gas then assists in the transport of
the minute [HT] fraction to the [HT] dessicant traps.
Since the tritium formed by the Alcator C-Mod experiment
is expected to be primarily in the [HT] (or [DT]) form (since
the tritium is formed under vacuum in the presence of low-
density deuterium gas), a carrier gas is not expected to be
necessary for transport: The [HT] fraction is not expected to
be minute relative to the [HTO] fraction. Indeed, if
relatively large quantities of [HT] (or (DT]) are formed, a
carrier gas may not only be unnecessary for transport, but may
also shorten the life of the dessicant traps by causing the
[HT] traps to become prematurely saturated.
In order to allow for at least one full week of operation
at a sampling rate of 100 SCCM, the size of the dessicant
canisters is chosen to be large enough to accomodate 200 grams
of aluminum silicate dessicant.
Retrieval of the tritium from the dessicant (bake-out and
condensation in a cold trap) and assay will be accomplished by
sealing the containers and delivering them for external
analysis.
In a manner similar to the 41Ar sampling system, tritium
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effluent samples will be obtained by removing a small effluent
stream from the experimental vacuum system exhaust and
returning the air stream to the duct after passing through the
tritium collection system traps.
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CHAPTER 6
CONCLUSIONS
6.1 Introduction
The major conclusions which can be drawn from this work
are that dessicant and solubility recovery of tritium effluent
each has its advantages for monitoring low levels of tritium.
In addition, low concentrations of 41Ar can be best monitored
by a shielded scintillation crystal due to energy resolution.
6.2 Tritium Recovery Methods
Dessicant recovery of tritium was found to be less
complete than solubility recovery for short sample times and
moderate air flow rates. The amount of moisture which
evaporates from solubility traps increases with time (and is
anticipated to increase with increased air flow rates);
therefore, the usefulness of solubility traps is severely
limited by evaporation.
Dessicant traps were found to provide less complete
collection of tritium for short periods of sampling, whereas
they are more applicable for extended sampling periods (e.g.
1 week) when the quantity of dessicant within the traps is
properly sized for the flow rate and the humidity.
An anomaly in the experimental data which deserves
attention is the unexplainable variation in measured airborne
3H concentration for both [HTO] and [HT] fractions. Table 4-3
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suggest that for six of the ten experimental trials, the
measured airborne [HTO] concentration was relatively stable.
During the last four trials the measured airborne tritium
concentration dropped off dramatically. It is possible that
these measurements occurred during transient production of
airborne tritium; however, reasons for variation in tritium
production within the MIT Reactor's Equipment Room are purely
speculative. The MIT Reactor PCCL experiment, which ran
concurrently with the tritium studies, was often undergoing
periods of shutdown and re-start due to mechanical failures.
It is possible that these operations resulted in nonuniform
production of airborne tritium within the Equipment Room,
since the starting and stopping of the PCCL experiment
affected the overall operation of the MIT Reactor.
6.3 41Ar Detection Methods
For detection of low levels of 41Ar, scintillation
crystals were determined to provide the lowest level of
detection since energy discrimination is essential in
eliminating noise; moreover, elimination of noise increases
the signal to noise ratio and lowers the minimum resolvable
concentration.
The most severe sources of noise encountered in the
design of the systems for the Alcator C-Mod experiment were
the building materials of the C-Mod experimental cell.
Appropriate lead shielding eliminated the major portion of
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this noise. Additional noise was attributed to 40K impurities
within the scintillation crystal itself. This noise can be
reduced by purchasing a crystal which is low in 40K.
Noise due to the pulsed neutron production can be greatly
reduced by placing additional shielding made of cadmium around
the outside of the lead shielding. This can be demonstrated
by simulating the shielding and neutron fluence with an MCNP
model. Alternatively, the transient noise due to the neutron
pulse can be circumvented by rejecting data during the one
second shot intervals. Since the shots will be spaced at
least 15 minutes apart, data rejection is easier to accomplish
than molding of cadmium to fit the lead shield.
The thickness of the lead shield was reduced to 4 inches
rather than 6 inches in the interests of safety and economy.
This reduction in shielding material will have only a slight
affect upon background noise. When the lead shield was poured
into a steel mold, the outer portion of the mold was left in
place in order to facilitate lifting and assembly of the
detection system. The steel from the mold will act as
additional shielding; moreover, the steel can be viewed as
replacing some of the lead removed when the shield was
redesigned for safety and economy.
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